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ABSTRACTS
Many new compounds of chromium(ll) have been prepared 
under anaerobic conditions, and their properties investigated 
by spectroscopic and magnetic techniques, also carried out in 
the absence of air.
The hydrated complex chlorides of chromium(ll)
MgCrCl^CHgO)^, where M = NH^, Rb and Cs, and CsCrCl^CH^O)^ 
have been prepared for the first time, and shown, except for 
CsCrCl^CHg0)^  wilich is binuclear with bridging chlorine atoms, 
to be normal, high-spin chromium(ll) compounds. A simple 
method for the preparation of their anhydrous' analogues has 
been developed, and, although the corresponding hydrated 
compound was Unstable, K^CrCl^ has been obtained. Anhydrous 
complex chlorides of the type M^CrCl^ are ferromagnetic, 
whilst CsCrCi., is antiferromagnetic. These are the first 
ferromagnetic complexes of chromium(ll) to be reported.
Although slight ferromagnetic interactions have been observed 
for compounds of other metal..,'?, these compounds exhibit the 
largest interactions so far reported. Reflectance spectra of 
all the complex chlorides indicate that they have tetragonally 
distorted, octahedral structures.
New complexes of 1 ,3- propanediamine and C-alkyl and 
N-alkyl substituted ethylenediamines have been prepared.
These, are of two typos :•
Cr(bidentate amine)^^, where X = halide, and Cr(bidentate amine) 
Olg* The former are high spin, tetragonally-distorted 
chromium(ll) chelates: the latter are halide-bridged polymers
in which antiferromagnetic interactions occur* It has "been 
shown that the degree of substitution influences complex 
formation, in that no tris (amine) compounds and few compounds 
of N-substituted ligands have been obtained,
Investigations of complex formation of chromium(ll) with 
the cyclic quadridentate amine, 1 ,4 ,8 ,1 1- tetraazacyclotetradecane 
(cyclam), have been carried out. CrcyclamCl2, CrcyclamBr^, 
and Crcyclaml^ have been prepared for the first time. Since 
very little ligand was available only the iodide was 
extensively investigated, and it was shown to contain 
tetragonally - distorted octahedral chromium(ll) species.
Its reflectance spectrum at liquid nitrogen temperature 
provides the first resolution of all three expected transitions 
of chromium(ll) in symmetry.
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CHAPTER 1 
INTRODUCTION
Chromium(ll) has the electronic corf iguraiipn . (,Ar)3<3^ »
Until quite recently very little was known of the chemistry
of chromium(ll); The main reason for this was its high
sensitivity to aerial oxidation, the standard electrode
2+ 3+potential for the half cell reactionvCr — * Cr +e being
-j
- O.Jilv , showing chromium(II) to be a very good reducing
agent. An indication of its reducing properties can be
demonstrated by the fact that on the addition of an aqueous
solution of thallium(l) sulphate to an aqueous solution of
chromium(ll) sulphate, thallium metal is immediately
precipitated, leaving a green chromium(ill) solution^.
Due to the thermodynamic instability of aqueous
chromium(ll) solutions to hydrogen ions, it was considered
that the preparation of chromium(ll) salts could not be
effected by dissolution of the metal in acid « It has been
shown, however, that in acidic solutions of chromium(ll),
hoxidation is very slow . Provided that excess chromium is 
reacted with an acid under anaerobic conditions, oxidation 
in the resultant near neutral solution is very slow.
Many different methods have been used for excluding 
oxygen; from the bell 3ar flushed continuously with freshly 
prepared carbon dioxide of Peligot and other 19th century
chemists, to the highly' sophisticated all-glass■apparatus,
5 6fluohed out with-nitrogen^ or carbon dioxide, and glove-
7 g
boxes'9 of today. Work on chromium(ll) has been reported 
in which compounds have been prepared in solution under a
9
layer- of petroleum ether, toluene, kerosene, etc* The
compounds obtained by this method, however, are probably 
amongst those of chromium(ll) which are not particularly air 
sensitive, e.g. chromium(Xl) hydrazine sulphate.
Chromium(ll) solutions are commonly prepared by four 
general methods:
1 ) the electrolytic reduction of chromium(lll) solutions;
2 ) the. reduction of chromium(lll) solutions with a
chemical reducing agent^;
3 ) by dissolving previously prepared chromium(ll) acetate
11in a mineral acid ;
k) by heating excess mineral acid with spectrocopically
12 1 'Ipure chromium pellets f'-'*
Method 2) is unsuitable for general use as impurities from 
the reducing agent are always present. Method !{.) is the one 
used in this work, as it is the easiest to manipulate and 
the least likely to produce impurities.
From ligand field theory it would be expected that
f \ 1 hchromium(ll) complexes would be similar to those of copper(II;
15-1 9This has now been shov/n to be the case , Over the past
few years, more has been found out about the chemistry of
chromium(II), but the knov/ledge is no where near so extensive
as that of copper(ll). Few X-ray structural determinations
have been carried out 011 chromium(ll) compounds due to
difficulty in handling.
A comprehensive survey of all the chromium(II) compounds
22reported in the literature up to 1967 is given by Patel 
along with magnetic data and references. Other relevant work 
reported later is shown in Table 1.1
TABLE 1.1
Compound
1, Straight
n at 30OK Til
+.
Reference-
ic amine complexes
Cren.Cl .H 0 
J  d d 4.32 21
Cren^ Br^ 4.75 21
Cren,SO^ 4.8721 4.7323 21
Cren2Br2 4.74 21
Cren^ Ig 4.73 21
Cren2S0^ 4.80 (6=10°) 21 , 1$ (<
Crdien^l^.HgO 4.82 22
Crdien^Br^ 4.88 (6=2°) 22
Crdien^ I^ 4.84 22
CrdienClg 4.38 22
CrdienBr2 4.26 22
Crdienl2 4.28 22
2. 8~Aminoquinoline complexes
Cramg.2Cl2,#H20! 4.86 29
Cramt3.2Br2,2H20' 4.90 29
Cramq2I2 4.90 29
CramqClg.HgO 4.28 29
3. 2~Aminomethylpyridine (2-mcolylamine ) complexes
Crpic2Cl2.H20 4.86 29
Crpic2Br2 4.79 29
Crpic2I2 4.80 29
CrpicCl2 4.39 (9=64°) 29
CrpicBr2 4.32 (9=84°) 29
__I
TABLE 1,1 Cont’a.
   - «»■.— ' " ■■■— .  ..  •— ■ .. — ..—  — '  ----- ... . ■   ... -—-~«-i
Compound J p Q 300K | References |
r ____j
If. 2 ,2 f-*Bipyridyl c.omplbxes
i
Crt>ipyCl2 If.. 21 (9=Iflf°) 1 6, 20
CrBipyBr If* 38 ■(9=47°)
J
20
CrBipy2I2 j 3*35 20
{
5. 1 .1O-Phenanthroline complexes
Crphen3Cl2.2H20 | 2,79 (9=5°) 2lf
Cri)bn3Br22H20 j 3*1 0 (9=5°) 2lf
Crphen^Ig^HgO j 2,87 (9=10°) 2lf, 2 8 (^1=2,77)
CrphenClg.HgO | If.60 (9=56°) 20
CrphenBr2*H20 | If, 55 (9=38°) 20
J
6. Double Salts j
(HH. )2SOi;.CrSOi;.6H2Oj 4.88 25, 2 6, 27
RL2S0. .CrSO. .6H20 ] 4.95 2 5, 26
CSgSO^.CrSO^.6HgO j 4.93 2 5, 26
m 2sok.Cvsoh. w 2o j 26
Ka2S0, .CrS0^.2H20 i 4.89 (6=4°) 25
K2S0. .CrS0^.2H20 j 4.77 (6=4°) 25
0s280^.CrS0^.2H20 | 0 .8 8 25
CSgBO. .CrSO^ | 4.50 (6=16°) 25
I
KGrCl* i 30, 31 , 32, 3k
RBCrCl* I 3 0 , 3k
CsCrCl-,
3 j
30, 33, 3k
RH^CrCl^ j 3k
K(C!H3 )^CrCX, j 3k
(PyH)CrCl^ ]
f
3k
TABLE 1.1 Cont'd
------ -—  — '-------
Compound u at 300K References
KbgCrC^
I
-d-O
GsgCrCl^ 30, 31 9 33, 3k
( m k ) zCrGlk 3k
CsCrBr?j 3k
H(CH_), CrBr, D 3k
Other compounds
CrCl^CH-CC^H 3k
CrBr^CHLCOgH 3k
Cr(EMT)2Cl2 b.55 3 k *
Ci>(i-G3H7C6E5HCH3 ) 2 k.92 3?
Cr(CH3-C6H5HCH3 ) 2 h .7 k IS
Cr(-CH2-C6H5HCH3 ) 2 2.22 33
Cr(dpm) 2 !+.8Jj. (a) 36
a= measured in solution
Abbreviations Used in Tablo and the. Text 
en = ethylenediamine
dien = diethylenetriamine
amq = 8-amino quinoline
pic = 2-aminomethylpyridine (2-picolylamine)
bipy = 2 ,2 f~bipyridyl
phen = 1 ,1O-phenanthroline
hexamine = hexamethylenetetramine
dap = 1 ,3-propanediamine
dmp = 1 ,2-diamino-2-methylpropane
pn = 1 ,2-propanediamine
Mtfdimeen = N,N~dimethylethylenediamine
NN*dimeen - N,N*-dimethylethylenediamine
cyclam = 1 ,8 ,11-tetranzacyalotetradecane
dpm = dipivaloylmethane
pyH = pyridinium
PMT = pentamethylenetetrazole
Aim of Work
Since it is well known that the steric effects by
bulky ligands can cause metal ions to adopt unusual
stereochemistries* it was hoped that these would result from
C-alkyl- and N-alkyl- substitution in ethylenediamine, and
from the use of ligands such as cyclam which have preferred
configurations about a metal* ..In addition, since the
2—tetrahedral anion CrCl^ possibly exists in a ICCl-CrCX 
eutectic, it was hoped that an investigation of complex 
chlorides and other complex halides of chromium(ll) would 
also lead to the preparation of new complexes of unusual 
structure*
CHAPTER 2 
EXPERIMENTAL TECHNIQUES
(1 ) Preparative Methods
Due to the high sensitivity of chromium(ll) compounds
to oxygen, all the compounds were prepared under nitrogen
5 iusing apparatus described previously * White spot nitrogen
was passed through a glass column about 50cm. in length and
about 5cm. in diameter (Figure 2.1B), containing lightly
crushed B.T.S. deoxygenation catalyst type R3/11 supplied
by the B.A.S.F. Co. Ltd* The catalyst was essentially
finely divided copper oxide deposited on an inert carrier
and activated by various reagents. It was supplied in the
oxidised form* After crushing and placing in the gl&ss tube,
it was reduced by heating under hydrogen at 1lj.0°C to 160°C. >
The water which formed was drained by gravity, out of the
column, into a container. If necessary, the nitrogen was
dried by passing through a column containing anhydrous
magnesium perchlorate (Figure 2.1c). The gas entered the
apparatus at A.
Any apparatus v/as evacuated and flushed three times
with nitrogen before use, and whilst in use was always kept
under nitrogen or constant pumping. Solid chromium(ll) salts
were used as parent substances, and prepared as mentioned 
1 3previously from spectroscopically pure chromium pellets, as
supplied by Johnson Mathey and Co., and the appropriate
AnalaR halogen acid.
The compounds were generally prepared, filtered off and
20sealed off using apparatus described by Patel • However, 
anhydrous double halides were prepared from the hydrated
■p
rn
Cvl
OU
g>•H
Th
e 
Ni
tr
og
en
 
Li
ne
0
£
•H
£
0bOo
u
•p
bO•H
ft
o
-p
fito
ctf+3
-P
-Pc3
PQ
H*rl
o
t3
d
do
ft
so
o
o
ra•H
P
n30Jh
0
■P
£•H03
•P
*
•P
05
0
W
-f
De
hy
dr
at
io
n
compounds by filtering them off in the apparatus shown in 
Figure 2.2. If concentrated hydrochloric acid was used, at 
this stage the wet precipitate was sucked on and then washed 
with acetone. The glass at A was then sealed off, and the 
whole immersed in a hath of light oil, and heated at 1 2 0° 
to 1^0° C for six hours or so with continuous pumping. After 
this, the pig, previously filled with nitrogen, was quickly 
attached at B against a rapid flow of nitrogen, the apparatus 
then heing evacuated and refilled with nitrogen. The compound 
was displaced into the tubes, and then sealed off under 
vacuum.
Compounds of cyclam were prepared in apparatus made up 
with greaseless joints and taps, (Figure 2.3 ). This was to 
prevent air entering the sjrstem because of attack on the 
grease of normal taps by diethyl ether-. The greaseless joint 
was necessary so that the lower half of the apparatus could 
be removed, and the dried solid scraped out in a nitrogen 
glove bag, if necessary. Care had to be exercised when 
assembling the greaseless joint to ensure that it was absolutely 
clean, as even a small amount of dust would render it ineffec­
tive and stand a chance of scratching it, thus rendering it 
useless.
The apparatus described by Earnshaw^ was used to 
determine magnetic susceptibilities over the temperature 
range 80° to 320°K. The compounds under investigation were
i+mm. greaseless tap
i+ram. greaseless tap
B.32 Greaseless Joint
Figure 2.5 
Apparatus for preparing compounds in 
solvents which attack vacuum grease.
sealed into special Pyrex glass tubes attached to the pig.
These tubes were of uniform cross section with flat hases
to ensure that a sample was as nearly cylindrical as possible
as required hy the theory . To allow for the variation of
the diamagnetism of the glass with temperature, the tubes were
calibrated from 80° to 320°K. This diamagnetic correction
was allowed for when calculating the net change in weight
of the sample in the magnetic field which was produced by an
electromagnet. A precision ammeter was used so that by
adjustment of a rheostat, the current, and therefore the field
could be accurately reproduced. The sample was suspended in
the,' cryostat which could be thermostated at the required
temperature. The temperature was obtained from the e.m.f.
of the thermocouple which was positioned near to the centre
of the tube, and had been calibrated with copper sulphate 
39pentahydrate ,
The molar susceptibility (%„) was calculated from theM
formula :
where M = molecular weight of compound 
g = acceleration due to gravity 
1 = length of specimen in centimetres 
w = net change in weight in the magnetic field due 
to the paramagnetic nature of the compound 
wt = weight of compound used 
E = magnetic field experienced by the compound of 
length 1 at the current used.
The atomic susceptibility, of the metal ion was 
obtained by correcting for the diamagnetism of the ligands, 
and any ions present in the compound. The effective magnetic 
moment, was calculated using the equation
= 2.828 ^  X A T B.M.
where T = temperature in degrees Kelvin.
The magnetic field experienced by the sample of length
1 at a particular current was determined by the nethod of
Nettleton and Sugden^, By this method, a solution of
nickel(II) chloride of known concentration, about 25% by
weight, was used in a tube for which the diapagnetic correction
had been obtained at each current. The tube was filled to
various lengths between 6 and 1 1cm. and the pull exerted by
the magnet at varying currents found. Prom this, the of
2the solution was- found, and a graph of log H against length
2of sample plotted for each current* The field H corresponding 
to a particular length 1 of chromium(ll) compound in a 
susceptibility tube was then read from the graph, and these 
values of 1 and H substituted in the equation for Xj|« This 
was necessary because it is almost impossible to fill and 
seal off a tube so that it contains a specified length of 
compound.
(3) Ultra Violet and Visible Spectra
(a) Reflectance Spectra
A sealed tube containing enough substance to fill the
reflectance cell, which was in fact a 2mm. solution cell, was 
notched and positioned in the apparatus (Figure 2.4) so that 
the notches coincided with A in the figure. The whole was 
evacuated and flushed with nitrogen a few times and finally 
left under vacuum. The sample tube was then broken by care­
fully bending the ball and socket joint and the compound 
tapped into the cell which was then sealed off at B. The cell 
was fitted into a specially constructed holder on the reflec­
tance attachment of the Unicam S.P. 7000. In the reference 
position of the holder was placed a similar cell containing 
LiF powder. The whole was covered with a black box to prevent
stray light penetrating the window. Spectra were then
-1 —1recorded between 3 5 ,0 0 0cm. and 6000cm. .
To record spectra at the temperature of liquid nitrogen, 
a constant stream of dried nitrogen was blown on to the light 
window from below to prevent any misting. An insulated box 
Y/as placed over the metal cell holder and the Y/hole arranged 
over the window. Black cloths prevented the entry of stray 
light. Liquid nitrogen was introduced through a hole in the 
top of the box and the reservoir kept full of coolant for 
about thirty minutes, whence the spectrum 'was recorded,
(b) Solution Spectra
A 1cm. silica cell, fused via a graded seal to a glass 
tap, as shown in Figure 2.5 was used for these measurements. 
The solution was prepared and transferred to the solution- 
spectra cell. The Unicam S.P. 700C spectrophotometer with 
the transmittance attachment Y/as used to record these spectra.
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Figure 2.5
Apparatus for solution spectral measurements 
under nitrogen.
An ordinary 1 cm. silica cell was used to hold the reference 
solvent.
(4) Infra-Red Spectra
The spectra were recorded as nu^ol or hexachlorobutadiene
mulls betY/een polyethylene or KBr plates over the range 4000 
—1to 250cm, on a Perkin Elmer 457 and over the range 500 to 
25cm. on an R11C Interferometer 720. A plastic bag with 
gloves attached, flushed out v/ith nitrogen, Y/as used for 
sample preparation,
(5) Reagents and Solvents
Commercial reagents were used for the preparation of 
the amine complexes without further purifcation. AnalaR 
reagents were used for the double chlorides and AnalaR acids 
for the parent salts.
41Purified absolute ethanol v/as used as solvents for 
the amine and cyclam compounds.
2,2* -dimethoxypropane as supplied by Koch-Light Y/as 
used to dehydrate chromium(ll) chloride and chromium(ll) 
bromide.
(6) Thermogravimetric Analysis
A Stanton Automatic Thermo-Recording balance was used.
The sample Y/as placed into a preweighed platinum crucible 
and transferred quickly to the furnace through which a stream 
of nitrogen was flowing. For very air-sensitive compounds,
the transference Y/as carried out with the crucible under a 
funnel containing nitrogen*
Microanalysis for C, H and N were carried out by 
Alfred Bernhardt, Mikroanalytisches Laboratorium West Germany 
and at the Microanalytical Laboratory, University of Surrey*
(8 ) Analytical Methods
iealed tubes of the compound were notched v/ith a glass
cutter, weighed and then broken by snapping the glass. The
compound v/as then emptied into a beaker, and the glass,
including any chips, reweighed. The weight of the compound
was obtained by difference.
The solid v/as dissolved in water, oxidised with 1ml. of
concentrated nitric acid and boiled until a deep green solution
v/as obtained. The chromium v/as precipitated as the hydrated
oxide using 0.880 ammonia until the solution v/as alkaline to
methyl red, and then determined as Gr^O^ "by ignition. The
halides were determined gravimetrically as the silver halide
Ll 2
by employing the usual method on the filtrate.
Water molecules were determined thermogravimetrically.
CHAPTER 3 
COMPLEX CHLORIDES
INTRODUCTION
O mm•
Many compounds containing anions of the type (MCl^ ) 
have been reported for M = Fe, Co, Ni and Cu^, hut very 
little is known for M = Cr. Barhieri and Tettamanzi^ 
claimed to have prepared a chromium(ll) compound which they 
formulated as CrCl2 ,2HCl (Hexamethylanetetramine) ijHgO.
This and analogous cohalt(ll), manganese(ll) and nickel(ll) 
compounds were obtained from a 1 :1 solution of concentrated 
hydrochloric acid and water. A likely structure for these 
compounds would be
2-
2+
H20
Cl
M
Cl
Cl
Cl
H20
r2H20
since HC1 is unlikely to exist as such in the presence of 
a strong base.
i±5Gfruen and McBeth presented spectral evidence for
the existence of a tetrahedral species of chromium(ll),
2—CrCl^ , in a solution of CrCl2 in a KCl-LiCl entectic.
A broad band in the spectrum at 9800cm. (€=45) was assigned
to the ^T2 absorption in Td symmetry. They also
observed the same band from CrCl2 in CsCdCl^ and CSgZnCl^ 
lattices, and stated that it could arise from a very distorted
CrCl, 2- complex anion.
Compounds of the empirical formula MCrCl^ and M2CrCl^ 
have been reported by several workers from reactions in which
the correct proportions of alkali metal chloride and 
chromium(ll) chloride were fused together. The compounds 
obtained were
Compound Melting Point (°C) Reference
KgCrClZi. 478, 481, 490 30 , 31 , 32
Rb2CrCl^ 351 30
Cs2CrCl^ 564 30, 31 , 33.
KCrCl, 494, 495 , 501 3 0 , 31 , 323
RbCrCl-j 606 30
3
CsCrCl-j 709 30 , 333
It Y/as found that regardless of the relative proportion 
of sodium chloride and chromium(ll) chloride used, sodium 
pentachlorochromate(ll) was formed in the fusion. This was
thought to he due to the small ionic radius of the sodium ion.
34Hardt and Streit also prepared these compounds, along 
with the 1 :1 ammonium, tetramethylammonium, and pyridinium 
salts; the 2:1 ammonium double chloride; and the 1 :1 caesium 
and tetramethylammonium double bromides by reacting 
stoichiometric quantities of the alkali metal acetate or the 
organic nitrogen base with a solution of anhydrous chromium(ll) 
acetate in an acetyl halide-anhydrous acetic acid mixture.
The trihalochromates(ll) were found to have a hexagonal 
structure v/ith the exception of the ammonium and potassium 
salt, whilst the t e i rachJLor- oclir ornate a (1 1) wore -found;to be 
tetragonal,
Packler and Eoloh^ stated that all their attempts
0-to make a tetrahedral anion in solution failed.
They added tetramethylammonium salts to CrCln.2CH_CN in 
methyl cyanide or ethanol, hut each time obtained the 
starting materials.
Much work has been carried out on copper(ll) complexes 
obtained from aqueous or aqueous organic solutions of the 
type MCuGl^HgO and I^CuCl^H^O, along with their anhydrous 
analogues, v/here M = Li, Na, K, Rb, Cs, and KR^>
(R = alkyl groups). Willet and coworkers^have shown by 
spectral evidence that £(CH^ ). h) gCuCl, and |(CH ^ )2 ^ 2 J lr.
I.Q
contain distorted tetrahedral anions as in Cs2CuCl^ ; 
whilst in Pt(BH3)1+CuCl^, (CH,BH3)2GuC1^, and (C^MH^gCuCl^ 
the anions are square planar.
EXPERIMENTAL
The preparations and measurements were all carried out 
under nitrogen using the apparatus and techniques described 
in Chapter 2, The compounds were all dried by pumping on 
them continuously#
At the beginning of the work, when concentrated 
hydrochloric acid was being used as solvent, it was found 
that sometimes on dissolving the chromium(ll) chloride in 
the acid a deep green solution resulted immediately, but 
at other times the green solution appeared only after 
prolonged heating at 100°C, or by leaving .for twentyfour 
hours. At other times the solution remained blue even after 
prolonged heating. At first the green solution was thought
to be due to oxidation, but the solution spectrum showed
—I —1peaks at 11,800 cm. and 5600cm. showing it to be
chromium(ll), since oxidation gave very intense peaks at
-1 — 1 22,000cm. and 14,900cm. . The solution spectrum reported .
8 -1 for CrCl2.4H20 in water has maxima at 14,000cm. and
—19500cm. . It appears, therefore, that whilst the aqueous
solution contains co-ordinated water molecules, the green 
solution obtained contains co-ordinated chloride.
It was shown that the green colour could only be 
obtained in a dilute solution of chromium(ll) chloride in 
concentrated hydrochloric acid and the blue colour, in a 
concentrated solution. No quantitative experiments were 
carried out to find the critical concentration of chromium(ll) 
chloride belo?/ which the green solution was obtained.
-  0 3  -
(1) Caesium Trichlorodiaquochromate(II)
Chromium(II) chloride tetrahydrate (3*7&ga) was dissolved 
in hot, concentrated hydrochloric acid (70ml,) to form a 
hlue solution. Caesium chloride (3 .25g.), dissolved in a 
minimum of concentrated hydrochloric acid (30ml,) was 
added slowly with shaking. The whitish precipitate obtained 
v/as filtered off, sucked dry, washed with acetone and dried 
for three hours. On oxidation, the off-white solid turned 
pink.
Calculated for CsCrCl3 (H20)2: Cr, 15-9; Cl, 32.5; H20, 11.0. 
Found : Cr, 16.2; Cl, 32.5; H20, 10.8%.
(2 ) Ammonium Tet uochrom:
Chromium(ll) chloride tetrahydrate (5.95g.) was 
dissolved in hot, concentrated hydrochloric acid (130ml,).
The solution turned green. The solution v/as added slowly with 
shaking to a cold solution of ammonium chloride (l.63g.) 
dissolved in concentrated hydrochloric acid (100ml.). A 
light blue precipitate separated immediately. It was sucked 
dry, washed with acetone and dried for 2-g- hours. The dry 
compound v/as fairly air stable, turning pale green after a 
few hours.
Calculated for (KH^)2CrCl^(H20)2? "^ 9.6; 01> 53.3;
H20, 13.6; IT, 10.5; H, 4.6, Found : Cr, 19.9; Cl, 53.3;
H20, 13.5; N, 10,2; H, 4.2%.
(3) Rubidium Tetrachlorodiaquochroinate( II) - Blue Form 
A concentrated solution of chromium(ll) chloride 
tetrahydrate in concentrated hydrochloric acid (U,17g. in 
85ml.) was prepared, A blue solution resulted. This was 
added slowly with shaking to a solution of rubidium chloride 
(6,lj.6g,) in concentrated hydrochloric acid (90ml.), A light 
blue precipitate formed leaving a very pale blue solution.
The precipitate v/as filtered off, sucked dry, v/ashed with 
acetone and dried for three hours.
The dry compound is fairly air sensitive, turning pale 
green within half an hour of exposure to air.
Calculated for Rb2CrCl^(H20)2: Cr, 13.0; Cl, H^O, 9.0,
Pound : Cr, 1 3.15 Cl, 33.k; H20, 9 .3 .^
(k) Rubidium Tetrachlorodiaquqchromate(II) - Green Form
A dilute solution of chromium(ll) chloride tetrahydrate 
in concentrated hydrochloric acid was used, (l.83g. in 100ml.). 
The solution turned a very intense green on heating, and the 
colour remained on cooling. To the solution was added 
rubidium chloride (2.81fg. ) in concentrated hydrochloric acid. 
The weight of rubidium chloride used v/as such that the 
ratio RbCl: CrCl2.itH20 was 2.3:1, to ensure the formation 
of the 2:1 product. The green precipitate which formed 
was filtered off from a fairly intense green solution, 
sucked dry, washed v/ith acetone and dried for three hours.
The dry compound v/as fairly air stable, taking about two 
hours to oxidise completely.
Calculated for EbgCrCl. (H20)2: Cr, 13.0; Cl, 35.k; HgO, 9.0
Found : Cr, 13.1; Cl, 35.k; H20, 8.9?o.
(5) Caesium Tetrachlorodiaquochromate(II)
To a solution of chromium(ll) chloride tetrahydrate 
(5*28g.) in water (20ml.) was added caesium chloride 
(9*12g*). A blue solution resulted. This was concentrated 
until about 3^ 1. remained, and the whole shaken with acetone 
(75inl*)* Blue crystals separated. These were filtered off, 
washed with acetone and dried by pumping. On aerial 
oxidation the crystals turned pink.
Calculated for CSgCrCl^HgO)^: Cr, 10.3; Cl, 2 8.6 , H^O, 7*3* 
Pound : Cr, 10.5; Cl, 28.5; HgO, 7.2%.
(6) Caesium Trichlorochromate(II)
Compound 1. v/as prepared and filtered off on the 
apparatus described previously (Chapter 2 Figure 2.2), 
washed v/ith acetone and sealed off. The v/hole v/as then 
immersed in an oil bath and heated for 6i hours at 1L|.00C.
A dark brov/n compound was obtained. In dry air, this 
compound was air-stable.
Calculated for CsCrCl^: Cr, 17*9; Cl, 36*3*
Found : Cr, 17-9; Cl, 36.5%*
(7) Ammonium Tetrachlorochromate(II)
Chromiurn(ll) chloride tetrahydrate was dissolved in 
concentrated hydrochloric acid to give a deep green solution.
To this was added a solution of ammonium chloride (3.56g.) 
in concentrated hydrochloric acid. The blue hydrated 
double chloride precipitated and was filtered off on the 
special filtration apparatus, sucked free of hydrochloric 
acid, washed in acetone and heated under vacuum at 130°C
for 6 hours. A yellow brown compound resulted. The absence
— 1 — 1of peaks at 3^ -OOcm. and 1 620cm. in the infra red
spectrum indicated that no water was present. The compound 
was stable to dry air.
Calculated for (M^CrCl^: Cr, 22.6; Cl, 61.7.
Found : Cr, 22.9; Cl, 6*1.6%.
This compound was prepare^ ;" by the same method , but 
v/as heated up to 150°C. Two different coloured crystals 
were obtained, one the colour of (RH^)2CrCl^, the other, 
yellow. A white film appeared around the inside of the 
glass filtration unit, presumably ammonium chloride.
Analysis showed the solid not be be the pure tetrachloro- 
chromate(ll), and it has previously been observed^0 that 
when (3^)2Cu01^(H20)2 is heated to 138°C, ammonium chloride 
and water are given off leaving M^CuGl^.
(8) Rubidium Tetrachlorochromate(II)
An amount of the hydrated compound described in (3 ) 
was transferred to the filter apparatus and heated for 6 
hours at 120°C under vacuum. A chocolate-brown compound 
resulted. The compound is not air sensitive in dry air.
The infra-red spectrum showed no peaks corresponding to water<
Calculated for Rb^CrCl^: Cr, 1 .^3; 01, 33*9.
Found : Cr, 1k»3» 01, 38.1$.
Barbieri and Tettamanzi^- prepared their compound "by 
the addition of concentrated hydrochloric acid to chroniun(lI 
acetate. This gave a blue-green precipitate which was oust
dissolved in water, and to this solution was added an excess
of a saturated solution of hexamine in a 1:1 mixture of 
water and concentrated hydrochloric acid. A "blue precipitate 
separated immediately* The whole was then cooled in ice, 
the liquid decanted, the precipitate filtered off, washed 
with a small amount of ethanol, and dried.
The method was repeated "by us, except that chromium(ll)
tetrahydrate ?/as used in place of the acetate, the whole 
procedure being carried out on a nitrogen line instead of 
under a layer of petrol as used by the previous workers.
All the above observations were reproduced, except that after 
the addition of the solution of hexamine in concentrated 
hydrochloric acid, a green solution and a blue precipitate 
were observed, and gas bubbles were emitted. The v/hole was 
cooled in ice, the precipitate filtered off, washed with 
ethanol and dried. The visible spectrum of the solid showed 
it to contain no detectable chromium(lTI).
Calculated for ^rCl^CgH^g^^: Cr, 12.3; 01, 35.0.
Found : Cr, 16.1}.; Cl, i+1 • 2%*
The preparation was repeated and a greenish white solid 
isolated, the reflectance spectrum again showing no
detectable chromium(ill).
Calculated for CrCl^ CgHggll^ O, :
Cr, 12.8; Cl, 34.8;,C,17,7; H, 4.0; 13,T. .
Pound : Cr, 18.3; Cl, 51.2; C, 4.0; H, 5.2; N, 13.3.
Pound :Cr, 12.5; Cl, 35.0; N.13.8.
The preparation of the analo.gous manganese(II), coha.lt(ll)
and nickel(ll) compounds by the same method as laid down in
the original paper could not be repeated* Metal to chloride
analyses in the ratio of approximately 1:9 were obtained.
From the results, it appears that the samples prepared
contained much methylamine hydrochloride, since hexamine
51reacts in the following way with hydrochloric acid .
°6H1 2 \  + HG1 + H2° ^ H 3Mi2.HCl + 2C02 
It seems possible that the compound cotild be prepared 
by mixing aqueous solutions of the starting materials in the 
required stoichiometry, evaporating the solution until a 
few mis. remain, and then precipitating with acetone.
(10) Potassium - Chromium(ll) Double Chloride System 
Chromium(ll) chloride tetrahydrate (4.82g.) was 
dissolved in water (20ml.) and to it v/as added an aqueous 
solution of potassium chloride (3*69g.). A blue solution 
resulted. The solution was concentrated by pumping until a 
small amount of liquid remained, about 3ml* The liquid v/as 
decanted and the remaining blue crystals shaken with acetone, 
filtered off, and dried by pumping. At this stage the solid 
ran freely. The dry crystals turned pink on aerial oxidation,
which is characteristic of a chromium(ll) double chloride.
After twentyfour hours in the tubes, the compound 
started sweating, and drops of water appeared on the walls 
of the tube. After a week,■the compound appeared to have 
decomposed as white crystals could be observed, presumably 
potassium chloride. No analysis of this compound v/as carried 
out for obvious reasons.
(11) Potassium Tetrachlorochromate(II)
It was found that by working quickly the hydrated 
compound could be converted into a stable anhydrous compound 
before significant decomposition occurred. It was immediately 
filtered off in the usual apparatus (Figure 2.2), dried by 
pumping on it and then dehydrated by heating at 1li.0-150OC 
for seven hours continuous pumping. A yellow-green compound 
was obtained. The compound was fairly air sensitive, turning 
green after about half an hour. When the ampule Y/as sealed 
off, a small amount of compound around the seal melted, and 
solidified on cooling, as might be expected since it is 
reported to melt below
Calculated for E^CrCl^: Cr, 19*1;'Cl, 52*1.
Found : Cr, 19*2; Cl, 51*8$.
(12) Caesium Tetrachlorochromate(ll)
The hydrated compound v/as prepared as in (5 ) and 
filtered off on the sinter (Figure 2,2), washed in acetone 
and dried by pumping for 7 hours at 1/4.0°C. A brown compound
resulted. On exposure to air, no change in colour v/as 
observed.
Calculated for CSgCrCl^: Cr, 11,3; Cl, 30*9*
Found: Cr, 11.6; Cl, 30,8$.
(13) Lithium Double Chloride System
Aqueous solutions of lithium chloride and chromium(ll) 
chloride tetrahydrate were mixed in the ratio of 2:1 and 
concentrated almost to dryness. The solution had to be 
shaken with acetone four times before a solid Y/as obtained.
The solid appeared as light blue beads. These were dried 
by pumping on. When the solid appeared dry, the pressure in 
the vessel Y/as returned to atmospheric. The solid then 
turned into a gum, and then into a thick slurry, all in the 
space of five minutes. On aerial oxidation, the substance 
turned green suggesting complex formation had not taken 
place as 2:1 double chloride hydrates usually turn pink.
In an attempt to stabilize a tetrahedral configuration 
on chromium(ll), the salts tetramethylammonium chloride,
chloride
tetraphenylarsonium chloride, and triphenylphosphanii^which
UTVSu. cces;> IL-ij
contain large cations were usedAto prepare double chlorides 
in concentrated hydrochloric acid solution* However in the 
light of the later, successful work on double chlorides 
prepared from aqueous solution without acid, i.e. preparations 
.5, 10, 11., 12, it seems probable that complexes containing 
these cations could be prepared in the absence of acid.
2-Salts of the CuBr^ ion have been isolated. Preparation 
of a double bromide of chromium(ll) Y/as attempted by evaporat­
ing to dryness a 2:1 mixture of aqueous solutions of ammonium 
bromide and chromium(ll) bromide hexahydrate. However, on 
washing the blue solid with ethanol, the blue colour washed 
through, leaving a white solid, presumably ammonium bromide. 
HoY/ever, by choosing appropriate conditions and cations, it
should be possible to prepare complex bromides.
3kAs mentioned previously, Hardt and Streit have prepared
CsCrCl^ (ochre), CSgCrCl^ (ochre), Rb2CrCX^ (ochre) and
(MH^)2CrCl^ (colourless). They reported the colours of
the compounds as shov/n in brackets. These colours are not
the same as those observed in this work. In the case of
CsCrCl^ we obtained an ochre-coloured solid, the analysis 
3
of which shoY/ed it not to be completely anhydrous. It is 
conceivable therefore that the compounds of the above Y/orkers 
were not completely dehydrated.
DISCUSSION OF RESULTS 
Magnetic Results
IKe.
When, as withAD term of high-spin chromium(ll) in an
octahedral field, there is an orbital doublet E.term as the
ground level, to a first approximation there should be no
orbital contribution to the magnetic moment. This would
give octahedrally - coordinated, high-spin chromium(II)
3 1complexes a spin - only magnetic moment of 4*9 B.M. (t« e<-§ s
configuration). However, in a second approximation by
connecting the d and d/ 2 ,t2n orbital wave functions,° xy -y ;
spin-orbit coupling introduces a correction factor according
52to the,expression^
where n. , is the spin - only moment, X- is the spin orbit ■ s. o
—1coupling constant - the free io.n value of which is +58cm. 
for octahedral chromium(ll) in aAligand field -^and A
is the separation between the ground level and the level 
being mixed in. Ah A is positive, this accounts for the 
observed moments of chromium(ll) complexes being slightly 
below the spin - only value.
Taking a value of ^ from the spectral Data (Table 3*10) 
of ,13,000cm.~1, then jx = 4*86 B.M., which is within experimental 
error of most experimental values. Allowing for temperature - 
independent paramagnetisum of approximately 100x10 ^cgs 
units*^, this wo&ld increase the moment to 4*88 B.M. Correcting 
for the tetragonal distortion, inherent in chromium(II) 
compounds by taking a lower value of A , and for the reduction
C:i2CrCli,(H20)2
9=0° Diamagnetic Correction = 4-176x10"" e.g.s. units
T(°K) 106 X A
I
I 
! 
0
I 
1X3
 
* 
!
r 
1
1 
—*■ 
1
(B.M.)
295.5 10010 0 .9 9 8 5 4.87
274.7 10820 0 .9 2 3 6 4.88
244.4 12210 0 .8 1 8 9 4.89
214.0 13870 0 .7 2 0 4 4.87
184.0 16090 0 .6 2 1 4 4.87
154.6 19320 0.5174 4.89
125.2 23690 0.4220 4.87
80.0 37030 0.0270 4.87
9=5°
(M4 )2CrC'l4(H20).2 
Diamagnetic Correction =■ -133x10  ^c.g.s. units
315.2 9152
r— " .. ■ ■ ■
1 .0 9 3 4.81
272.2 10660 0.9378 4.82
237.0 12070 0.8282 4.78
189.0 1517.0 0.6590 4.79
139.8 20490 0.4879 4.79
110.5 25290 0.3954 4.73
96.0 29160 0.3428 4.73
80.0 34480 0.2900 4.70
~ 4 4  -
TABLE 3*2 
•KbgGi'OX^CH^p) ^ -G-reen' Form
- 6Diamagnetic Correction = -151^10 c«g.s. units
=0°_______
T(°K) io6 X a 10""2 X  A -1 }le (B.M.)
296.2 9851+ 1.015 4.83
275.7 10700 0 .931+0 1+.86
244.3 12186 0.8206 1+.88
213.2 13830 0.7226 1+.86
183.7 16110 0 .6201+ 4.87
151+. 2 19390 0.5156 4.89
124.7 238OO 0 .1+200 4.87
81+. 0 31+600 0.2890 4.82
Kb^Ci€^CH^D)2-Bl-U;o Ford
9=0 -6Diamagnetic Correction = -151x10 c«g.s. units
296.8
. - -------
10090 0.9908 4.89
274.0 10900 0.9174 4.89
244.2 12320 . 0.8114 4.90
213.2 14110 0.7087 4.90
183.8 16570 0 .6 0 3 4 4.94
154.4 19750 0.5062 4.94
125.8 24000 0.4166 4.91
85.0 35690 0.2802 4.93
_ _________ | | , | „ n | m t - r_ r| „ „ |B  ^|„
-CsCrCl3
Diamagnetic correction = -95«3c.g.s. units.
T(°K)
t)
i Observed Calculated
i o6 X a
-2
j 1Q 2 X a 1°6 X A
..... -..
1 °~2 X  A~1
312.0 4565
|
! 2 .191 3.38 4441 2 .25 1
272.0 4787 2 .0 8 9 3.23 4731 ; 2 .1 1 4
235.0 4969 2 .0 1 2 3.06 5001 ; 2 .0 0 0
191.5 5215 1 .9 1 8 2.83 5287 | 1.891
165.0 5311 1 .8 8 3 2.65 5418 | 1.845 ,
141.0 5404 1 .8 5 0 2.47 5483 j 1.824
120.8 I 54^0 1.848 2.29 5485 S 1.823
112.0 || 5422 1 .844
2 .2 0 5466 ; 1.830
98.8 | 5422 1.844 2 .0 7
i i
93.5 j 5436 1*839 2 .0 2 5381 i 1.859 !j
30.5 j
i
i
5480 1.825 1 .8 8 5273 i
|
!
, (
1.897 j
!.. ----------1
j = 20.9cm.
g = 1,708
0= 25°
•GaCre:i!,(H20)2 .
Diamagnetic Correction = -134x10 ^ c,g,s, units
T(°K) Observed
J = 3*00 cm, 
g = 1-934
-1
,1°6 * a io-2 X a £e (B.M.) '1°6 *  A
»
<
 
>4 
|
C\l 
| 
'?
i
313.3 ' 8584 1 .1 6 5 4.64 8464 1,182
270.3 ' 9713 1 .0 3 0 4.58 9718 1.029
236.0 10970 0 .9 1 2 0 4.55 11019 0.9075
209.3 12250 0.8161 4.53 12299 0.8131
1 8 8 .0 13550 0.7378 4.51 13552 0.7379
162.1 ; 15460 0 ,6 4 6 9 4.48 15462 0.6467
109.8 I 2151'0t 0.4649 4.33 21535 0.4644
94.0 j 24370 0.4103 4 .2 8 24379 0.4102
80.0 : 27580 0 .3 6 2 5 4.20 27334
!
I
0.3629
Calculated
9=0° Diamagnetic Correction = -136x10 ^ c,g.s, units
T(°K) 1°6 X a 10~2 )ie (B.M.)
295.0 9098 1.099 4 .6 3
275.0 9725 1.028 4.63
244.8 109D0 0.9168 4.62
213.5 12550 0.7969 4 .6 3
18i+. 3 14620 O.6 8 3 9 4.64
154.8 17540 0.5701 Ip, 66
125.6 215f0 0.4649
84.9 3158© 0.3167
* This formula., is assumed hy analogy with the other double
chlorides as^compound decomposed before analysis was possible.
(MH^CrCl^
—6Diamagnetic Correction = -107x10 c,g.s* units
T(°K) i°6 * a i°-2 X a"1 (B.M.)
317.4 12587 0 .7 9 4 3 5.65
273.1 15257 0 .6 5 5 4 5.77
237.5 18557 0.5387 5.94
211.8 22377 0.4469 6 .1 6
190.0 26477 0.3777 6.34
164.3 23877 0.2952 6 ,6 7
140.0 45507 0.2198 7.1^
111.0 74597 0.1341 8.11*.
99.0 106300 0.0941 9.17
92.5 127200 0.0786 9.70
87.5 149800 0 .0 6 6 7 10.2Z*.
Field strength (gauss) k-533 1782
10^ X A (c.g,s, units) 12286 12587
K^ CrCl, I 2 it
- 6Diamagnetic Correction = -110x10 e.g.s. units
T(°K) 1°6 X A 10_2 ^ A ~1
294.3 12023 0.8317 5.32
274. 8 13455 0.7432 5.42
259,6 14351 0 .6 9 6 8 5.44
2kk.5 15725 0.6359 5.53
2 2 9 .2 17301 0 ,5 7 8 0 5 .6 2
213.9 19122 0.5230 5-71
199.7 21407 0.4671 5 .8 2
1 8 ^ .2 24530 0.4077 5.99
169.4 28245 0.3540 6 .1 6
155.0 33262 0 .3 0 0 6 6 .3 8
141 • k 40289 0 .2 4 8 2 6.6 7
125.5 49152 0.2035 6.95
110.5 65437 0.1528 7.60
100.4 82621 0.1210 8.15
80.2 157640 0.0634 10.06
t » 1 ai Mil 1 IIM - - I 1 1
Pield strength (gauss) 3930 3330 2080
106 X  A (e.g.s.-Units) -12230 123<X> 12023
Kb2Cr<S^
Diamagnetic Correction = -125x10~^ c.g.s. units
T(°K) “ S T T 1 o" 2 X -A" 1
]
Jle (b .m . )
*363.0 10537 0.9496 5.53
*31+3.0 11320 0.8834 5.57
*3 1 8 .0 12350 0.8097 5 .6 0
295.0 1I+506 0.6844 5.85
27U.6 15671 0 .6381 5.87
260.7 16723 0.5980 5.91
251.5 17466 0.5725 5.93
2 4 0 .8 18808 0.5317 6 .0 2
233.8 20110 0.4972 6.1.3 '
2 2 0 .6 21 522 0 .4 6 4 6 6 .1 6
202.3 24665 0.4054 6.32
173.5 33521 0.2983 6.82
11+5.0 48691 0.2054 7.51
115.7 86600 0.1155 8.95
105.0 115050 0.0869 9.8 3
87.5 2046-20 0.0489 11.97
85.2 25844*0 0.0387 13.27
Field strength (gauss) 3904 3295 2058 1426
1°6 X. A (0.g.s. units) 11+446 14506 14127 14063
•^Accurate to - 1°K as no thermocouple calibration was 
available at these temperatures. Temperature read direct 
from control box* .
TABLE 3.9
Diamagnetic Correction = -150x10”^ e.g. s. units
T(°K) 1°6 /.a 1°6 X M
*
Pe &•*') |
294.2 14244 0.7021 5.79
275.0 15767 0.6342 5.89
244.2 18779 0.5323 6.0 6
229.2 20726 0.4825 6 .1 6
214.0 23162 0.4317 . 6 .3 0
198.8 26174
"T*CM
CO•
O
6.45
1 6 8 ,6 35374 0 .2 8 2 7 6.91
155.0 42563 0.2349 7 .2 6
140.0 52111 0.1919 7.64
129.4 64019 O.1 5 6 2 8 .1 4
' 116.2 84304 O.1 1 8 6 8 .8 5
100.8 123380 0.0811 9.97
93.0 163910 0.0610 11.04
81.0 30568O 0.0328 14.07
Field strength (gauss) 3309 2064 1415
106 X  A (c.g.s. units) 14 191 14244 14684
5l±
of A produced on complex ^ formation would have opposite 
and approximately equal effects on the magnetic results, 
and would he experimentally undetectable.
The variation with temperature of the atomic susceptibr:* 
ilities and effective magnetic moments over the range 3 2 0° to 
80°K, and the Curie-Weiss constants 8, are shown in Tables 3*1-9 
for the halide complexes. The data are plotted in Figures 
3.1-7.
The hydrated compounds obey the Curie law down to 
liquid nitrogen temperature and have magnetic moments, 
independent of temperature, close to the spin - only value 
of 4.9 B.M. as expected for four unpaired electrons. These 
compounds are therefore magnetically - normal, high spin 
chromium(ll) compounds. The 1 :1 caesium compound.isthe. 
exception in that it obeys the Curie-Weiss law, with a 0 
value of 25°, which shows there to be slight antiferromagnetic 
interactions producing a temperature - dependent magnetic 
moment, less than the sioin - only value.
The room temperature magnetic moment of CsCrCl- is well 
below the spin - only value of 4.9 B.M, and it decreases 
markedly with decrease in temperature (Table 3.4 Figure 3*5). 
Owing to the curvature of the X,  ^v T plat, it was impassible 
to obtain a & value. Distortion from octahedral configuration 
would produce some temperature variation of the moment, but 
not to this extent.
55-57The analogous copper compound has been prepared .
All agree that the compound contains octahedrally coordinated
(ior4)2crcx^ (B-2o):2
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The results obtained for CsCrCl^ by the use of J = -33cm. 1 
and g = 2 to fit the theoretical data for a linear chain 
of ten antiferromagnetically interacting spins of S = 2.
Figure. 3 .8
copper(II), Wells considered the atomic arrangement in the 
lattice to contain square planar CuCI^ units linked by a 
single bridging chlorine atonr^ (Figure 3*9), the distorted 
octahedral structure resulting from long interactions between 
the terminal chlorine atom and the copper atom, Rundle-^ are 
coworkers regarded the coordination about each copper atom 
to be a distorted octahedron with adjacent'^octahedra sharing 
a face (Figure 3*9). Chromium(ll) usually resembles copper(II) 
very closely in its properties and so the magnetic behaviour 
is thought to be du.e to interactions between the chromium 
atoms by super exchange across the bridging chlorine atoms in 
analogous structures.
The anhydrous 2:1 compounds are Ferromagnetic as can be 
seen from Figure 3.1-3,5,7* The magnetic moments are greater, 
than the spin - only value at room temperature. This behaviour 
must be attributed to the nature of the compounds as all were 
prepared from the magnetically - normal hydrates, there being 
no opportunity for ferromagnetic material to enter the system.
Also, ,  was found to be indenendent of magnetic field strength
  A  ' ...............................  - •....
which confirms the absence of ferromagentic impurity.
According to Seifert , the caesium salt Cs^CrGl^ . is
tetragonal, unlike the analogous copper(II) compound which is
58reported to be tetrahedral . However, as the magnetic and 
electronic spectral behaviour of the other chromium(ll)
2:1 double chlorides are similar to that of the caesium 
complex, it is valid to assume that they are all polymeric 
compounds containing octahedrally distorted chromium(ll) ions.with
Schematic diagram of the structure of the anion in
CsCuCX^ as described by Wells* 
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The modification described by Rundle et al,
Fi.frure 5 »9
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"bridging chlorine atoms. The magnetic "behaviour is probably
due therefore to the superexchange across the bridging chlorines ?
with electron spins parallel. Ferromagnetic alignment of
59the spin angular momentum vectors is said to produce 
susceptibilities up to lO^c.g.s. units in excess of those 
for normal paramagnetic material. This has been found with 
these compounds.
For compounds in which intermolecular antiferromagnetic 
and ferromagnetic interactions occur, it has been shorn that 
the atomic susceptibility, , of the metal atom in ali.
binuclear molecule can be obtained from equation (l).
E . / \
1(0)v  2^2 8 ! ( S ! + l)(2Sf + 1) exp -
A = f i g ® -  — —  -----------— -----------  ^ -- + N *  . . .  ( 1 )
(2S* + 1) exp.- Ei(o)
ns?
where g = spectroscopic splitting factor, the ratio of
magnetic moment to angular momentum.
23 —1iJ = Avogaxi.ro !s number = 6.023x10 mole
*— 20 -^1 3 = Bohr magneton = 0.9270x1)0 erg gause
T = absolute temperature
“•"1 ^
k = Boltzmann* s constant = 1,360x10 erg degree
-1 -1= 0,6950cin, degree
S != total spin quantum number for the molecule which 
can have the values 0, 1, 2..., 2S where S is 
the total spin quantum number for the paramagnetic 
atom.
IfoC = a temperature independent contribution to the 
susceptibility composed of the temperature 
independent paramagnetism and the underlying 
diamagnetism of the metal atom,
Ei(o) = energy a specified hy S ! which can
have the values 0, 2S, 6S, 12S.... J(S!(ST+1)) 
corresponding to S*=0, 1, 2,,,, for the anti­
ferromagnetic case. For the ferromagnetic case, 
the energy corresponding to S!=0 lies highest.
J is the exchange integral which is equal to half 
the triplet-singlet separation in the cases under 
consideration, J is positive for ferromagnetic 
compounds and negative for antiferromagnetic compounds. 
The equation has "been derived assuming no temperature- 
dependent orbital contri'bution to the magnetic moment, 
N>J. is very small compared to anc^  can therefore he 
neglected, and so equation 1) reduces, for four 
unpaired electrons (S=2) in a hinuclear system to
''••A = 3*______________________ __  ] .....(2 )
T (9 + 7x + 5x + 3x )
T
where x = with J measured in cm* and
—1 —1 j
k = 0.6950 cm. degrees , leaving dimensionless. 
For convenience d* can he quoted in degrees such that
x = , and k is incorporated in J,
K = g2B2 = 0.1251 g2 g = . . . .... (3)
.12513k
For the antiferromagnetic and ferromagnetic compounds, 
values of J and k were obtained hy entering the experimental
results ot'K^ at the temperature T on a computer program 
provided hy Mr, £. Fielding of the University of Surrey 
computer unit, which contained the binuclear expression, 
equation (2), The g factor was calculated from equation (3)- 
The experimental and theoretical values of % h for 
CsCrCl^ are shorn in ‘Table.. 3*3* Values of g less than 
the spin only value of 2 arise from spin prbit coupling 
causing indirect quenching of the spin via the orbital 
contribution. The theoretical values are within -Hi3 of 
the experimental, except for the value at 80°K. Less than 
2% of a more paramagnetic impurity such as the dihydrate 
is sufficient to cause this deviation from the experimental 
at this temperature. An impurity of this order could not 
be detected analytically. However, a thick nujol mull of
the compound shows absorptions in its infra-red spectrum
—'I -**1at 3300cm. and 1620cm. corresponding to a trace of water
being present. Hence a hydrated impurity could be present.
However, although precautions were taken to exclude moisture,
some could have been absorbed during the mulling procedures.
A more likely explanation is that this compound is not binuclear
and therefore the expression (2) does not apply accurately,
and taking a value of J‘=-35cm, and g=2 a good fit of the
61experimental veilues of the magnetic moments to the theoretical 
moments for a chain of ten antiferromagnetically interacting 
spins of S=2 is obtained, (Figure 3*6)*
Attempts to fit the results of the ferromagnetic compounds 
to the binuclear expression using positive J values were 
unsuccessful, (Figure 3*2). This was because the compounds 
were polymeric, not binuclear.
Absorption Spectra
Chromium(II), with the high - spin d^ configuration, 
gives rise to the D free ion tern, which is .split ,in a
regular octahedral field into a lower doublet E leveld>
and an upper triplet T0 level. Only one spin-allowed
*5 5d-d transitions T0 -— > E , is therefore expected in the * 2g '
visible spectra of chronium(ll) complexes.
However? crystal field theory predicts large distortions
kfrom octahedral symmetry for high-spm d complexes along 
7 9with low-spin d and d complexes. The E ground state
therefore is not degenerate, it is Jahn-Teller unstable,
which leads to a splitting of the Tg and terms. Tetragonal
distortions result, even with six like donor atoms.
Orgel8  ^and others^ attributed the broad, highly
asymmetric visible band in aqueous chromium(II) spectra to
tetragonal distortions of octahedral CrCHgO)^ , bought about
by the Jahn-Teller effect8^ "^8. The distortion of high-spin
d^ complexes from octahedral symmetry has been demonstrated
69-71crystallographically in several cases » Marked distortions
of the type commonly found in copper(II) where two ligands 
are much further from the metal ion than are the other four 
have been reported. In anhydrous chromium(ll) chloride 
there are four chloride ions at 2.39A and two at 2.90A.
Similar distortions have been observed in CrPg, CrBr^ and 
CrS. The compound C r ^  , contains both chromium(ll) and 
chromium (III) ions in octahedral environments, but the 
octahedra about the chromium(ll) ions are highly distorted
Figure 5*10
Splitting of the D spectroscopic term under (a) cubic 
field (h) and (c) weak and strong tetragonal fields 
respectively.
72 "72with four short and two long hands , The compound
is unusual in that it contains four long and two short
Cr-F hands.
On this evidence? the energy level diagram (Figure 3.10)
is obtained. From this, three visible and near ...infra-red
absorption bands are expected, corresponding to the transitions
, ^B.------- , ^ B,---»^E . Theoretical studies*^4*1g 1g? 1g ' 2g’ 1 g ? g
-1 5 5suggest a separation of 2300cm. for the E and B^ levels.
The principal band observed in aqueous chromium(ll) solution,
and also in solid chromium(ll) compounds is certainly of
sufficient breadth to contain two bands, separated by 
—1»v2000cm. . On this assumption, the strong bands (Table 3*10)
at 12,000 to 13*000cm. in the hydrated double chlorides ana
-1at around 11,000cm. in the anhydrous double chlorides can
5 5be assigned to the superposition of the B. — -> E and the* o k
B^g—  ^ ^ransl^ions*
The latter band mentioned is presumably due to the
h-5same transition as that observed by G-ruen and McBeth at
9800cm.~>1 , for CrCl^2~ in a LiCl-KCl eutectic above 1|00°C
which they assigned to the T— E^ transition of a tetrahedral
system. If the measurement had been made at room temperature,
-1the absorption would have been nearer to 11,000cm. , in
agreement with our work and too high for the transition
of a tetrahedral d^ system. It Y/ould have been desirable 
for us to carry out high temperature reflectance measurements, 
but suitable apparatus was not available.
Reflectance spectral results of the complex chlorides.
LI_- - MI. ■ HI.,*..-.. ...... Mil ■ .«■ r i* i .. «.i >• ir«rn*i.li | ..
Compound Colour V  maxima cnu Liquid Ritrcger
Room Temperature ] Temperature \
CsCrGl,(Ho0)o Off 28000 sh 28100 sh$ <L c. White :
23400 w 23400 w
19100 w 19100 w
18200 w 18200 w
16800 w 16800 w
16000 w 16000 w
12300 s 12400 s
11300 wsh
6600 m 7000 m
CsCrCl^ Brown 23000 w
18100 vb 18600
17500
1 5800 wsh 138OO sh
11200 s 11300 s
10800 sh
3900 m 3900 m
(EH^CrCl^ Khaki 23000 w
18600 c 18600 c
17400 sh 17600 sh
13800 c 1 3800 c.
11000 s 11200 s
8000 msh 8000 msh
Liquid Nitrogen 
temperature
v maxima cnu 
Room Temperature
Compound
22600 wsh 22500 whYellow
Green
18700 c
17500 w
15900 e
11000 s
9800 sh
7700 m7700 msh
22700 w22500 wshBrown
18700 c18700 c
11200 s10900 s
7600 msh
22100 vw22100 vwLight
Blue
18800 wsh
12900 s
101+00 sh10000 msh
7800 wsh
.TABLE 3.10 Cont! d
Compound Colour -1V  maxima cmP.i 
Room Temperature
■ 1 1—  —  inn II rill »i W  iwhhiiwiutT rrctfv.i
Liguid Nitrogerj 
Temperature j
Rt2CrCl^(H20)2d Light
Blue
25000 v w  
189OO wsh 
17000 wsh 
12900 s 
9500 msh
i1
j
i
19000 wsh I
!
17000 sh | 
13600 s | 
11000 msh | 
7800 wsh
Rb2CrCl^(H20)2d Light
Green
1 9900 wvb 
16800 sh 
13000 s 
9600 sh
i|
20200 wvb |
\
17000 sh 
13200 s 
10800 msh
Cs^rCl^CHgOjg
.
Light . 
Blue
12900 s
22500
19300 vwsh 
18900 wsh 
17200 vwsh 
13100 s 
7800 wsh
CsCrCl,4 Bro wn 18700 c 18700 c
15900 c 
11000 s
7500 msh
15900 c 
11200 s 
10500 sh 
8000 msh
TABXiE 3.10 Cont’d,
Key to Table :
s = strong 
m = medium 
w = weak 
b = broad 
v = very 
sh = shoulder 
a = spin forbidden band 
c = very sharp spin forbidden band
In the spectrum of Cs2Cr01^? the spin forbidden bands
.pe 
-1
*■*1 ""Iat 18,700cm, and 1fj?900cm. seem to be sup rimposed on
a very broad band centred at about 21,000cm<
d. The spectra of the green rubidium compound are 
more intense at both room temperature and at liquid nitrogen 
temperature, thaii those of the blue.
The shoulders which'appear in the 2:1' hydrates'-at
—1 —19500-1 0 ,00 0cm* , in the anhydrous compounds at 7600cm, ,
~1and at 6600 and 5900cm, in the 1:1 hydrated and anhydrous 
compounds respectively, can he assigned to the B, r-— ? A.I O I o
5 5transitions, whilst the B,— -4- B9 transition is notl g £-t)
resolved, even at liquid nitrogen temperatures,
-IBands of very weak intensity at around 23,000cm,
were obtained in the reflectance spectrum of double sulphates
of chromium(ll)^, These were considered to be due to
traces of chromium(lll) impurities, as chromium(lll) species
do absorb strongly at around this region. In the double
chlorides, as can be seen, very weak, broad bands or shoulders
-1were obtained at around 23,000cm, . This band therefore is
presumably the ^A2 ( F ) ( f ) transition in O^ symmetry
of chromium(lll),
The anhydrous compounds all show two very sharp spin-
—1forbidden bands at 15,800 and l8,000cnu which are unaffected 
by cooling (Figure 3.11)* Apart from these, virtually all 
the compounds shov/ weak absorptions, which can be attributed 
to spin - forbidden transitions. Spin - forbidden bands have
•y/*
been observed before for chromium(ll) • These are due to
77transitions to triplet terms. Orgel states that such
transitions v/hich result in the pairing of tp electrons
can be sharp. The two sharp bands are possibly due to
transitions to (H) and ^T~ (H) terms as these, from the
g <-g
Tanabe and Sugano diagram (Figure 3.13), would be expected 
to be unaffected by temperature, but there are several other 
possibilities.
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Figure 3.15
The Tanahe-Sugano Energy Level Diagram for the Octahedral
System
Structures
X-ray structural investigations of ammonium, potassium,
rubidium and caesium tetrachlororate(ll) dihydrates have
been carried out and have shown them to he tetragonal in
shape containing the trans jCuCl, (Hn0)_ anion^"*^.
l 4 d 2g
In this work the 2:1 double chloride dihydrates of
chromiun(ll) have been shown to contain monomeric, octahedrally
coordinated chromium(ll) with tetragonal distortions. The only
possible configuration of the anion is either as cis or trans 
-|2-
CrCl^(H20)2 | , By analogy with the copper(ll) system, a
trans configuration is favoured.
The lithium, potassium and tetramethylammonium
*^1 S *3trichlorocuprates(ll) dihydrates have been prepared and
the structures of the lithium sa.lt investigated crystallograph-
ically, LiCuCl^, 2Ho0 ^  ^  (Figure 3*1 AA) was shown to consist 
d d
of nearly planar CUgClg units linked together by long 
copper-chlorine bands of 2.9A to the groups above and below. 
Presumably, the extra water molecule Is contained in the 
crystal lattice.
Caesium trichlorochromate(ll) .dihydrate has been shown 
to contain chromium(ll) in a distorted octahedral configuration. 
Magnetic data shows there to be interactions between the 
chromium(ll) ions, probably via bridgi^ chlorine atoms.
The magnetic data fits extremely well (Table 3.A) the binuclear 
expression (equation 2 page 61|) of Earnshaw ,et • al4 . 
Thermogravimetric analysis showed both the water molecules to 
be lost at the same temperature. Although this is not
Figure
A. The Structure of LiCuCl-,.2H 0
Cl
Cr
Cl
h 2°
Cr
Cl
Cl
B. A possible structure of CsCrCl-,.2Ho0
j £
conclusive evidence, it appears possible that the structure
of this compound is unlike the lithium-copper system but
purely dimeric as shown in Figure 3»14B.
30 33The anhydrous salt 5 is said to be isomorphous with 
CsNiCl^ with a hexu.gonal unit cell of a = 7*249 and
j
c = 6.228. The nickel salt is a chain polymer of regular
NiClg octahedra with faces shared, as in the case of CsCuCl^
(Figure 3*9). We have shown the chromium(ll) compound to be
polymeric, containing octahedral CrCl^ units. The magnetic
data agrees with there being bridging chlorines linking the
60chromium(ll) ions. The expression for a binuclear molecule
fits the experimental results only moderately (Figure 3*4),
-1but taking a value of =-33cm. and g = 2 a very good fit
61of the experimental data to the theoretical data for a 
linear chain of ten antiferromagnetically interacting spins 
of S = 2 is obtained.
30 33Seifert and Klatyk have carried out X-ray measurements
on Cs^CrCl^ and shown it to be tetragonal with a = 3*215 and
c = 16.46, containing a polymeric system of CrClg unit a,
unlike the analagous copper(II) compound which is reported
43to be a flatteneltetrahedron , X—ray work has also shown 
RbgCrOl^ and (FK^)2CrCl^ to be tetragonal^’.
All of the compounds prepared by us, exhibit similar 
magnetic and electronic spectral properties. The far infra­
red spectra are also very similar. The position of the main 
and distortion bands, in the- reflectance spectra of-theccompounds 
are at too high a frequency for tetrahedral (CrCl^) anions 
to be present, which supports the conclusion previously made.
CHAPTER if.
COMPOUNDS OP OHROMIPM(XX) WITH 
SUBSTITUTED ETHYLEHEDIAMINES.
INTRODUCTION
Recent work has shorn chromium(ll) to form solid
complexes readily with the straight chain aliphatic amines
21 22 ethylenediamine and diethylene triamine "under strictly
anaerobic conditions. The complexes prepared were found
to he similar in structure to the copper analogues,
8&Pecs ok and Boerruim observed a distinct., pentamxme 
effect in the solution spectra of the chromium(ll) - 
ethylenediamine system, and that the band maxima are. 
displaced towards longer wavelength by the uptake of the 
third ethylenediamine molecule. This ?/as also observed 
with the solid ethylenediamine complexes, Balthis and
0 - 7
Bailar treated aqueous solutions of a chromium(ll) salt
with 1 ,2-propanediamine and also 2,3~kutanediamine.* .but
obtained chromium(lll) solutions, and were unable to obtain
solid chromium(ll) complexes with these ligands. ■ They also
added a saturated solution of 1,2-propanediamine hydrochloride
as well as 1,2-propanediamine to the chromium(ll) solution
in their attempts, without success. They concluded that
chromium(III) amines containing these bases are too readily
oxidised by water to be isolated from aqueous solutions,
88-90Many complexes of ethylenediamine , substituted
ethylenediamines and 1 ,3-p3?opanediamine with first row
transition bivalent metal ions have been isolated. It has 
91been shown that substitution of methyl groups on the 
carbon atoms of an ethylenediamine skeleton only slightly 
decreases the base strength of the amine, whilst substitution
■9Zon the nitrogen atoms increases it considerably* B^ jerrum
showed that the difference between stepwise formation
constants increases whenever*'ster&c factors affect-the affinity
of a base for the metal ion* Basolo and Murmann^. .have
measured K.• and It,, the stepwise formation constants 1 2 3
of substituted ethylenediamines with copper(ll) and nickel(ll), 
and conclude that there are considerable steric factors 
influencing complex formation compared to that of 
ethylenediamine. Also they were unable to prepare tris 
(amine) complexes of copper(II), even with excess ligand 
in ethanol, obtaining the bis complex every time.
Ho studies of complexes formed by chromium(ll) halides 
and substituted ethylenediamines have been reported.
EXPERIMENTAL
Ethylenediamine compounds of chromium(ll) have previously
been prepared by the addition of stoichiometric amounts of
ethylenediamine in ethanol to an ethanolic solution of the
appropriate chromium(ll) salt* This method was tried in
the preparation of 1 ,3-propanediamine (dap), complexes.
Gelatinous precipitates of the required compound, contaminated
with ligand hydrochloride, were obtained. This was thought
to be caused by hydrolysis resulting from water in the ethanol
and the water of crystallization of the ehromium(ll). salts.
Initial analysis of the solids formed was unnecessary as
those contaminated with ligand hydrochloride were distingiush-
able by a characteristic absorption in the infra red spectrum,
(Figure 4.1 )• In nil- subsequent preparations, ,Jsuper dried1
lilabsolute ethanol was used as solvent. To remove the water 
from the solid chromium(II) halide, the solid was heated 
with excess 2,2-dim ethoxypropane which reacted with the 
water to form acetone and methanol. These, and the remaining
2,2-dimethoxypropane were evaporated off.- The remaining- 
solid was a greenish-white powder and was probably a 
methanolate of chromium(II)•
Infra red spectrum of 
Cr(dap)2Cl2 in a nujol mull 
with dap hydrochloride as 
impurity
— I------------1____________I__
4000 3000 2000
Infra red spectrum of pure 
Cr(dap)0Cl9 in a nujol mull
3000 2000 cm
(1 ) Bis (1 ,3-propanediamine)chromium( II), Chloride
To a solution of the dehydrated chromium(ll) chloride 
(4*89g.) in dry ethanol (Af-Oml.) v/as added dap(5«>90go) in 
dry ethanol (5ml,), A violet compound separated from a 
similarly coloured solution. The precipitate was filtered 
off, v/ashed with small amounts of dry ethanol, and dried 
at 70°G under vacuum.
Calculated for CrCgEgQlT^ Clg : 9 ^.2; 26.6;'H, 7*k;
N, 20.7; Cl, 2 6.2,
Pound s Cr, 19.2; C, 26.8; Ii, 7.k; N, 20.A; Cl, 25.7$.
(2) Bis(1.3~propanediamine)chromium(II) Bromide
To an ethanolic solution of the dehydrated chr.onium(ll) 
■bromide (U.21g, in dOml.) was added dap(2,72g.) in dry 
ethanol (10ml), A violet precipitate separated from the 
violet solution obtained. This was filtered off, washed 
with small amounts of ethanol and dried at 70°C under 
continuous pumping.
Calculated for CrCgH^ QlT^Br^: 20,0; H, 5*6;
H, 15*5; Br, kkok ♦
Pound : Cr, 1^ ,3; C, 20.1; H, 5.6; IT, 15.5; Br, 0%,
(3) Bis(,1, ,5~propanediamine.) chromium (II) Iodide
Hydrated chromium(ll) iodide is very soluble in 
2,2 dimethoxy propano- As much of the water of crystallisation
as possible was removed by pumping on it at the initial 
20drying stage in the preparation.
To a dried ethanolic solution of chromium(ll) iodide 
(6,23g, in 12ml,) was added dap(2,6g.) in dried ethanol 
(10ml.), A mauve crystalline product which separated from 
a purple solution was filtered off, washed four times with 
dried ethanol, and dried hy pumping on it.
Calculated for CrCgH^N^: Cr, 11.5; C, 1 5.8; H, 4.4;
N, 12,3; I, 55.9.
Found : Cr, 11.7; C, 15.7; H, 4.3; N, 12.5; I, 54.3%.
(4) Mono(j ,5~propanediamine)chromium(ll) Chloride
To a solution of the dehydrated chromium(ll) chloride 
(3.88g.) dissolved in dried ethanol (50ml.) was added 
dap (l „30ga) in dried ethandl., (1 0ml, )<, A light hlue solid 
precipitated leaving a light hlue filtrate. A slight 
deficiency of ligand was used to prevent the formation of 
the his (amine) complex as impurity. The slight colouration 
in the filtrate was due to the excess chromium(ll) salt.
The solid was filtered off, washed four times with dried 
ethanol, and dried hy pumping on it.
Calculated for CrC^H^qU^CI^: Cr, 26.4; C, 1 8,3 ; H, 5.1;
N, 14.2; Cl, 36.0.
Found : Cr, 26.5; C, 18.2; H, 5.2; N, 13.6; Cl, 35.2%.
(5) Bis(i.2~diamino-2-dimethylpropane)chromium(lI) Chloride
To an ethanolic solution of dehydrated chromium(ll) 
chloride (5*47g. in 50ml•) was added slowly with shaking
1,2-diamino-2-methylpropane(dmp), (2.91g.) in dried ethanol.
A violet precipitate was obtained which was filtered off, 
washed with dry ethanol and dried hy pumping.
Calculated for CrCgHg^ClgS Cr, 17.A; 0, 32,1; H, 8.1;
N, 18.7; Cl, 2 3.7 .
Found : Cr, 17,8; C, 31.7; H, 8,1; IT, 18.2; Cl, 23.A%.
(6) Bis(l ,2~diamine-2Haethylpropane)chromium(ll) Bromide 
Fmp (l.79g.) dissolved in ethanol (lOrnl.) was added
to an ethanolic solution of dehydrated chromous hromide 
(3.25g. in 12ml.), slowly with shaking, A purple precipitate 
formed v/hich was filtered off, washed with small amounts of 
dry ethanol, and dried at 100°C with continuous pumping.
This compound proved difficult to obtain pure. When dried 
at lower temperatures, satisfactory analytical results 
were not obtained.-
Calculated for OrCgH^F^Br^: Gr? ^.A; 2A.8; H, 6.2;
N, 1A.A; Br, A1.2,
Found : Cr, 13*3; C, 2A.3; H, 6.3; N, 1A.3; Br, AO.9%.
(7 ) Bis(j.2-diaminQ~2-methyrpropane)chromium(lI) Iodide
To a solution of chromous iodide (A.73g.) in dry ethanol 
(10ml.) was added dmp (2.21g.) in dry ethanol (10ml.).
A mauve precipitate formed immediately. It was filtered 
off, washed in small amounts of dried ethanol and dried by 
pumping on it.
Calculated for OrCgH^N^: Cr, 10.8; C, 19.9; H, 5.0;
N, 11.6; I, 5 2.6.
Found : Cr, 11.2; C, 19.A; H, A.9; N, 11.2; I, 51.1%.
To a solution of dehydrated chromium(ll) chloride (2.17g.) 
in dry ethanol (20ml.) was added slowly with shaking drnp 
(0.93g.) in drs^  ethanol (20ml.). A light hlue precipitate 
formed immediately leaving a clear filtrate. Thin was 
filtered off, washed in dry ethanol, and dried hy pumping 
on it.
V, 1J.?;
Calculated for CrC^H^ ^ N^ phjCr, 2km 6; C, 22.8; H, 5.7;^  01, 33.6. 
Found : Cr, 24.7; C, 22.3; H, 5.7; N, 12.9; Cl, 33.3^.
(9) Bis(N JT*-dimethylethylenediamine) chromium (II) Chloride
To a solution of dehydrated chromium(ll) chloride (4.41 g.) 
in dry ethanol (20ml.) was added, slowly with shaking, a 
solution of the ligand (3.99g.) in dry ethanol (20ml.).
A mauve precipitate separated immediately from a mauve 
solution. The precipitate was filtered off, washed with 
small amounts of ethanol, and dried hy pumping on it. 
Calculated for OrCgH^N^Cl^: C, 32,1;"H, 8.J ; 18,7;
Cl, 23.7.
Found : G, 31,9.; H, 8;2; N, 18,6; Cl, 23,8#.*
(10) Bis(N,R~dimethylethylenediamine)chromium(II) Bromide 
To a solution of chromium(ll) hromide (4.77g.) in dry
ethanol (40ml.) was added slowly with shaking the ligand 
(2.63g.) in ethanol (10ml.). A violet solution was obtained 
from which violet crystals separated after an hour. The 
crystals were filtered off, v/ashed in ethanol and dried at 
80°C for three hours under constant vacuum.
Calculated for C r C g H ^ N ^ B r ^ : Cr, 13*4; C, 24-8; H, 6 a2;
XT, 14.4; Br, 41.2.
Found : Cr, 13.1; C, 24.9; H, 6.2; N, 14.4; Br, 39.9%.
(11 ) Bis(N.N-dimethylethylenediamine)chromium( II) Iodide 
To a solution (27.30g.) °£ chromium(ll) iodide in dried 
ethanol v/as added slowly with shaking, the ligand (l.88g. ) 
in dried ethanol (20ml.). Purple crystals formed immediately. 
These were filtered off, washed in dried ethanol and dried 
at 80°C under constant vacuum.
Calculated for CrCgH^H^: Cr, 10.8; C, 19.9; H, 5.0;
N, 11.6; I, 52.6.
Found : Cr, 12.8; C, 19.7; 5,2.;'.IT, 11.4;- I, 49.8%.
Whilst the C, H and IT analyses were acceptable,. the:
chromium and halide analysis were not. At this stage in
the work, difficulty had been experienced with the chromium
analyses in general. Also the iodide analysis by this 
42method ? is never very accurate due to the solubility of 
iodide, iodide vapour is sometimes observed in the oxidation 
process.
Other Preparative Studies
The preparations mentioned in detail were those in which 
pure compounds were obtained. Many others have been 
attempted without success. Generally preparations of the 
mono-, bis-, and tris-(amine) chloride, bromide and iodide
complexes of the ligands have been attempted. The only 
mono~(amine) compounds prepared successfully have been the 
chlorides of 1,3-propanediamine and 1 ,2-diamino-2-methylpropane<, 
No mono-(amine) bromides or iodides have been prepared 
although different solvents, (96% ethanol, absolute ethanol, 
and butanol) have been used. A blue solution, from which 
nothing separated, always remained, Ethyl acetate has been 
used as a precipitating agent for the mono-(amine) bromides, 
but chromium(ll) bromide was obtained. Preparations of 
tris(l,3-propanediamine) and tris(l,2-diamino-2-methylpropanc) 
complexes have been attempted by adding the stoichiometric 
amount of the amine in absolute ethanol to an ethanolic 
solution of the chromium(ll) halide, and by using.'an 
excess of the amine. Each time violet crystals of the 
bis-(amine) complex were obtained. Even when a concentrated 
chromium(ll) solution was added to the neat ligand, the 
same result was obtained.
The tris-(amine) chloride, bromide and iodide of
941,2-propanediamine (pn) have been prepared previously .
However, solid bis- and mono-(amine) complexes of 1 ,2-propane­
diamine have not been obtained, although on the addition of 
bis proportions of the amine to an ethanolic solution of 
chromium(ll) halides, a deep mauve solution v/as obtained.
On evaporation, no handleable amount of solid v/as obtained, 
Precipitation with ethyl acetate was'-tried, but’'impure 
compounds resulted, the reason being that ethyl acetate is 
too drastic - solid precipitated immediately.
N,N-dimethylethylendiamine (N,N-dimeen) and N,Nf-dimethyl- 
ethylene disimine (NyN^-dimeen) compounds were far more 
difficult to prepare. In fact only three his(amine) compounds 
were obtained pure (9, 10, 11 above). On the addition of 
1 :1 quantities of the ligands to the chromium(ll) chloride 
solutions, a light blue gelatinous precipitate was formed 
which proved unfilterable.
The solid obtained with chromium(ll) chloride and 
N,IT-dimeen in bis(amine) proportions proved interesting.
Using the hydrated chromium (.II) salt as starting material, 
a deep blue gelatinous precipitate was obtained. However, 
when the dehydrated chromium(ll) salt (obtained as described 
previously) was used, a deep blue precipitate was obtained. 
This was refluxed for 6 hours and left for. two days;. after• 
this time blue crystals separated. The blue solution was 
then reduced to half volume by evaporation whence mauve 
crystals separated out on top of the blue crystals. More 
ligand was then added to give an excess and the whole v/as 
left for twenty four hours. The mauve crystals disappeared 
and more blue crystals formed. These were then filtered off. 
The crystals v/ere found to be soluble in ethanol. They were 
then dried by pumping. In the drying process, ligand v/as 
removed, and some of the crystals turned mauve, A container 
with ligand was placed on the side arm of the filter apparatus 
and the v/hole left under vacuum for twenty four hours, whence 
the solid reverted to the blue colour. Analysis showed the 
compound not to be the pure tris(amine) chloride expected 
but a mixture of the bis- and tris-(amine) complexes.
DISCUSSION OF RESULTS
Magnetic Results
The variation of magnetic moment with temperature has
been investigated over the temperature range 320 80K. The
results obtained are shown in Tables 4*1“6 along with the
59diamagnetic corrections obtained from the literature , and
the Curie-Weiss constant 9.
The bis (dap) compounds obeyed the Curie law over the
temperature range investigated showing them to be magnetically
normal, high-spin chromium(ll) compounds (Figures 4.2-6).
The magnetic moment for high spin chromium(ll), as stated
earlier in Chapter.3, is 4*88.B.M,, taking into account; the
minor effects of spin-orbit coupling, distortion, and
temperature-independent paramagnetism. Whilst the magnetic
moments of the bis(amine) bromide and bis(amine) iodides
agree with this within experimental error, over the temperature
range investigated, those of the bis(amine) chloride are
slightly lower, especially at the lower temperatures. This
is presumably due to minor antiferromagnetic interactions.
It cannot be due to oxidation as about 10% of oxidised
species would have to be present to cause this lowering
of the moment. No significant absorptions occurred in the
—1reflectance spectrum at 25?000cm. where the chromium(lll) 
ion usually absorbs.
The bis (dmp) complexes obeyed the Curie-Weiss law 
(Tables 4.2 and 3, Figures 4.3 and 4). The -small variation 
of magnetic moment with temperature is again due to weak 
ant iferromagnet i c interact ions.
TABLE k, 1,
Cr (dap)2 Cl2
9=0° Diamagnetic Correction = -157x10~^ c.g.s. units
T(°IC) 1°6y~ A 1°“2 X,A 1 )le (B.M.)
314.7 9133 1.093 4.80
273.2 10590 0.9442 4.81
239.3 11920 0.8389 4.78
193.8 14920 0 .6701 4.81
143.5 196177 0.5099 4.74
116 ,0 244'C'O 0.4097 4.76
82.7 33340 0 .3 0 0 0 4.70
Cr (dap) 2 Br2
9=0° Diamagnetic Correction = -178x10  ^c*gis. -units
314.0 9348 1 .0 7 0 4.84
273.0 10700 0.9348 4.83
237.4 12230 0 .8 1 7 8 4.82
191.8 15170 0.6593 4 .8 2
1 6 6 .2 17490 0.5719 4 .8 2
1 4 2 .0 20410 0 .4 9 0 0 4.81
103.0 28530 0 .3 5 0 5 4.85
87.8
;
34000 0.2941 4.89
Cr (dap)g Ig
9=0° Diamagnetic Correction = - 2 0 6 x 1 c*g.s, units
T(°K) 10"2 * A ~1 J*e (B.M.)
3 1 6 .0 9120 1.097 4.80
273.5 10521 0.9505 4.80
239.3 12041 O.8 3 0 5 4.80
193.0 14906 0.6709 4.80
167.2 17236 0.5802 4.80
143.8 19936 0 .5 0 1 6 4.79
116.5 24741 0.4042 4.80
101.8 28691 0.3485 4.83
87.5
iI j
I--- ---— i
33306 0 .3 0 0 2 4.83
Cr (dmp)g Clg
o —69=10 Diamagnetic Correction = -181x10"" c*g*s, units
315.5 8953 1.117 4.75
272.8 10326 0.9684 4.75
2 3 8.O 11733 0.8523 4.73
1 8 8 .5 14591 0.6854 4.69
1 6 3 .2 16941 0.5403 4.70
112.0 23771 0.4207 4.61
99.6 26656 0.3752 4.61
84.0 30821 0.3245 4.55
TABLE 4,3
Or (dmp)2 Br2
0=13 Diamagnetic Correction = -190x10" c.g.s, units
T(°K) 106 X.A io"2 X a-1 P e (B.M.)
317.5 9010 1 .1 1 0 4.78
273.0 10390 0 .9 6 2 6 4.76
237.0 11860 0 .8 4 3 0 4.74
187.0 11+9 20 0.6701 4.72
138.8 19610 0 .5 0 9 9 4 .6 7
95.3 27670 0 .3 6 1 4 4.59
82.0 ■31180 0 .3 2 0 8 4.52
Cr (dmp) 2 I2
©=20° Diamagnetic Correction = -230x10*"^  e.g. s. units
> 314.0 9126 1 .0 9 6 4.79
271.6 10464 0.9557 4.77
238.5 11870 0.8425 4.76
1 8 9 .8 14610 0.6845 4.71
1 3 8 .0 19330 0.5173 4 .6 2
108.0 23770 0.4207 4.53
80.0 30985 0.3227 4.45
Cr dap Clg
-6Diamagnetic Correction = -99x10 c.g.s. units
; n *
\ T( K) l Observed j Calculated
1i
1
1iI, IB , . -. - r
1°6 * a
io“2 y “1 
1 u A  A
.. - ■ - - ——-—.—-—
P-q ( B. M . ) io6-/a
I
10“2 / A"'’ |
j315.8 5924 1,688 3.87 5657 1.767
274. 2 6395 1.564 3.74 6208 1 .611
239.4 6806 1.469 3.61 6730 1,486
j 211.0
j 7179 1.393 3.48
7212 1.386
M92.5 7415 1.349 3.38 7540 1.326
191.5 7470 1.339 3.38 7558 1.323
166.7 7848 1.274 3.24 8008 1.249
143.7 8259 1.211 3.08 8412 1.189
11.5.2 8702 1.149 2.83 8824 1.133
113i5 8716 1.147 2.81 8844 1.307
101.0 9027 1.108 2.70 8957 1 .1 1 6
83.5
' . . . . . . --
9325
■*—4*. H f i r f T . J 1 I. 1 .iH ,■!?! -J
1.072 2.14 9006 1.110
J =-13.9 cm, 1
g = 1.78
TABLE L.5 
Cr dmp Cl„
—GDiamagnetic Correction = ~111x10~ c.g.s* units
T(°K) ' Observed Calculated
---— --— .- - — ---- - ---------.-
1°6 X A io-2 x a“1 ( B * M * ) 1°6 '/.A I i°"2 X a“1
31 6-8 6371 1 .5 7 0 4.02 6038 1 .6 5 6
2714,0 6867 1.1456 3.88 6680 1 .1+97
239.7 7406 1 .3 5 0 3.77 7282 1.373
211*8 7782 1.285 3.63 7833 1.277
191.8 8136 1.299 3.53 8263 1.210
181.0 ' 81i09 1.189 3.49 85OI4 1.176
1 6 6 .5 87214 1.1146 3.41 8837 1.132
1114-9.0 9077 1.102 3.29 92142 1.082
136.0 9357 1.069 3.19 9536 1.0149
113.7 9883 1.012 3.00 9990 1.001
1014.5 10171 0.9832 2*92 101142 0.9860
83.5 1.0661 0.9380 2*67 10351 0,9661
-1<1 =-12*5 cm0
g = 1 * 81
TABLE 4. 6
Cr (H,N<-di’neen)2 Cl„
—6
©=0° Diamagnetic Correction = ;rl87^Td »c«g, sennits
T(°K) 1 0 6 1°-2 /. A~1 )X& (B.M.)
296.3 9778 1 .0 2 3 4.81
25k. 5 11180 0.8940 4.77
204.0 1414© 0.7072 4.80
163.6 17529 0.5708 4.79
115.8 28949 0.4010 4.81
85.0 33830 0 .2 9 5 6 ;
:
................-r.
4.80
Cr (NjN-dimeen)^ Br^
9=0° Diamagnetic Correction = -210x10 ^ c.g.s* units
295.8 9802 1.020 4.82
274.6 10490' 0.9526 4.80
234.6 12220 0.8180 4.79
185.5 15399 0 .6 4 9 6 4.78
136.3 21070 0.4746 4.79
89.4 32320 0.3094 4,81 !
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The magnetic moments of the mono (dap) and mono (dmp)
complexes at 300°K are 3*8 and 3*9 B.M. respectively, well
below the expected value for high-spin chromium(ll), and
decrease considerably as the temperature lowers. The low
moments could not be due to oxidation as a moment of the
order mentioned would indicate the compound to be virtually
100$ chromium(lll). The reflectance spectra show no
-1significant bands at 25,000cm. . The low moments and
their temperature dependence are ascribed to antiferromagnetic 
interactions arising from the chloride-bridged structures. 
Interaction parameters have been obtained for these compounds 
by the curve fitting procedure mentioned in Chapter 3 
using the eguation to calculate for a binuclear molecule. 
Although these compounds are polymeric in nature, a. reason­
able fit with the binuclear expression was obtained. The 
parameters, along with the calculated values of % ^ 9 Av/L 
and the practical results are listed in Tables and 4*5, 
and the practical and theoretical plots of T are
shown in Figure .
The Results are listed in Table 4*7* As has been 
stated previously, for a tetragonally-distorted chromium(ll) 
complex, three visible and'near infra-red absorption bands are.
R R
expected corresponding to the transition B^  —— ^
^ and 5g (Figure 3*10). Two bands only
1 g 2g 1 g g
are observed in practice due to the superposition of the
.TABLE 4 
Reflectance Spectra
Compound Colour cnu Liquid H2
Room Temperature Temperatur
Crdap2Cl2 Violet 17600 s
12600 sh
Crdap2Br0 Violet 18000 s 18300 s
14200 sh 13700 m
Crdap2I^ Mauve 18300 s 18900 s
13300 sh 13000 m
Crdmp2Cl2 Violet 17300 s 17800 s
Crdmp2I2 Mauve 18200 s 18800 s
12000 sh
Cr(N,Ntdimeen)2Cl2 Violet 169OO s 17200 s
11400 sh 12000 m
Cr(N,N .dinee3i)2Br2 Violet 17700 s 18200 s
CrdapCln Light 21400 vw 21400 vwc. Blue
18600 sh 18700 w
, 141 00 s 14400 s
!1
10800 sh
-  106 -
TABLE U. Contld,
Compound Colour j V' cm. ^
Room Temperature
■ ■I'iKlM lilTt". Til ■ ■ | ■ 1 ■ ■ >ir
Liquid
Temperature
CrdmpClg Light
Blue
18600 sh 
13^00 s
18700 
13500 s 
10600 sh
Crpn^Cl^. 2HgO Blue 16000 s 
7700 m
1 6 3OO s 
7700 m
Crpn^Br^H^O Blue 15800 s 
7600 m
16300 s 
7600 m
Crpn^Ig Blue 16000 s 
7600 m
1 6ij.00 s 
7600 m
s = strong 
m = medium 
w = weak 
sh = shoulder 
v = very
-  107 -
5B1-— *-5E and — r \ g transitions,
“1The "broad hands at 7600cm. in the spectra of the
R R
tris (pn) compounds are assigned to the transition B. -— y A.i g 1 g
—1(the distortion hand). The hroad hands at around 1 6 ,0 00cm,
(the main hand) are assigned-:to the superposition of transitions
5 5 5 5B.---} E and ^B,--} B0 . This hand is certainly large1 g g 1 g 2g
enough to embrace the two transitions, even if separated, as
95 -1suggested hy Holmes and HcGlure hy 2300cm, . The tris
(pn) compounds, with six identical donor atoms, therefore
exhibit the spectra. expected for tetragonally distorted*
octahedral chromium(ll). (Figure iu 7b).
In all the his (amine) complexes studied, the distortion
hand appears at room temperature as a shoulder on the main
hand, (Figure 4.7a), and has moved considerably to higher
frequency compared to the tris (pn) complexes and the tris 
21(en) complexes , This is due to the greater tetragonal 
distortion raising from the coordination of four nitrogen 
and two halogen atoms compared with six nitrogen atoms in 
the tris (amine) cases. Also, the halides produce a weaker 
ligand field and greater tetragonal distortions in the order 
Gl<Br<I, which cause;- the main and distortion hands to move 
to higher frequency in the same order. The greater movement 
of the distortion hand as the coordinated anion is changed 
shows it to he more sensitive to the small differences in 
distortion than the main hand. The results of the his (dmp) 
complexes appear anomalous, the only absorption hand of the 
his (dmp) bromide being at lower frequency than that of the
Ab
so
rb
an
ce
 
Ab
so
rb
an
ce
- 108 -
a)
10
5
0
35 30 25 20 1015
Frequency (10 ^cm# )
10
5
0
30 25 20 15 10 5
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room temperature spectrum
liquid nitrogen temperature spectrum
Figure k.7
Typical reflectance spectra of a) chromium (il) his (amine) 
complex and b) chromium (il) tris (amine) complex.
01_______________ I_______________ I_______________ 1_______________ 1_______________ L_
35 30 25 20 15 10
, -'1.
Frequency (10 -'em. )
■b)
1
20
mmmZ
Frequency (10 cm. )
Figure U.8
Reflectance spectra of CrdapCl^ at a) room temperature, 
"b) liquid nitrogen temperature.
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chloride*- This is due to the observed peak maximum being
the resultant of the three bands within its envelope, the
distortion band being unresolved at both room temperature and
at liquid nitrogen temperature. A similar argument holds for
the bis (dmp) iodide, although the distortion band is partially
resolved at liquid nitrogen temperature*,
At liquid nitrogen temperatures, the two bands are generally
resolved into two distinct bands, the main band apparently
moving to higher frequency and the distortion band to lower.
21It was observed for en compounds that the mam band 
—1around 1 6 ,3 0 0cm. in the tris (en) compounds moved to 
higher frequency on replacement of en by ligands of lower 
ligand field strength, e.g. halides, as in the bis (en) 
complexes. Although tris complexes of the ligands used in 
this work could not be obtained, a qualitative comparison 
of the tris (pn) and tris (en) complexes with the bis complexes 
prepared in this work shows the frequencies of absorption to 
be of a similar order. It has previously been found^*-^, 
as here, that the position of the distortion band is very 
dependent on the amount of distortion, whereas the main 
band is not.
The electronic spectra of. the mono (dap) and mono (dmp)
complexes are unlike those of the bis (amine) or tris (amine)
-1complexes in that they have only one broad band at 11+, 100cm.
-I
in the dap complex, and 13>400cm* in the dmp complex at
incipient
room temperature withAshoulders at 12,600cm. which are 
resolved at low temperatures (Figure 4.8). In both cases,
-  111. -  
_-j
the bands nearl 4-, 000cm. are the main hands* Compared with
the corresponding his (amine) compound,- this hand has moved
u
to lower freqency. The reason for this is similar to that 
mentioned ahove in the tris (amine) and his (amine) comparison*
In this case,, one hidentate amine has heen replaced hy two 
briding chlorine, atoms of lower ligand field strenth, 
causing the shift of the main hand to lower frequency. The 
hands at 11+, 100cm. and 13,400cm* are Combined main and distortion
hands for each compound. The dutorUn ta-ruLs are at higher frequency 
compared to the corresponding his (amine) case, showing 
there to he greater distortion in these polymeric compounds.
Infra-Red Spectra
The spectra have heen recorded (Tahle 4*8 and 4*9) hut
no assignments of the hands have heen made. It has heen
shown that many correlations reported for cis and trana
21ethylenediamine complexes are unsatisfactory for the 
chromium(ll) complexes. The infra red spectra of chromium(ll) 
ethylenediamine complexes are very similar to that of 
Cu(en)2(SCl'l)2 except ?/here anionic absorptions occur. The 
copper compound is known from X-ray investigations to have 
a trans - structure with S bonded anions and ethylenediamine 
molecules coordinated in the gauche configuration. From 
this evidence, the his (en) chromium(ll) complexes were 
assigned the same structure.
The his (amine) compounds under Investigation in this 
v/ork showr a similarity in the infra-red spectra to the
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3280 s 
3235 s 
3138 s
1590 sh I
1578 s |
1580 sh
i 2+60 s 
1440 sh
1399 sh
1379 m 
1370 sh j 
1360 sh 
1342 w 
1321 sh 
1283 s 
1260 w
1235 sh j
3290 s 
3230 s 
3150 a 
2974 s 
2870 m
2838 m
1595 sh
1580 s 
1475 s 
1480 sh
1401 sh 
1399 m 
1385 sh 
1378 s 
1370 sh
1338 w 
1309 s
1250 s
1175 s 
1150 s 
1110 s 
1075 sh 
1 070 s 
1045 sh 
1021 s
975 w 
950 sh 
928 s
879 s
725 El 
631 S 
595 hi
492 s 
450 m
1 21 0 m 
1179 hi
1110 s 
1 078 s
1031 s 
1009 m
969 hi
912 w 
895 m 
880 sh 
763 sh 
722 w 
637 s 
600 s 
366 s 
484 s 
440 sh 
j 435 s
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TABLE 4,9
CrdapCl, CrdmpCl, CrdmpGl, CrdmpCl,
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?ABLE 4,9 Cont’d.
CrdmpClg CrdmpCl,
408 EL
348 m 
340 sh
300 m 
284 sh
398 m 
372 s
333 sh 
324 s 
292 m 
284 sh
- 11.7 ~
his (ethylenediamine) chromium(ll) compounds except that 
more hands have heen observed due to the higher resolution 
of the instrument used and the slight differences in the 
amines*
Little can he gained from the infra red of the mono 
(amine) compounds due to the lack of information on analagous 
compounds#
Structures
Very few structural data have heen reported for chromium(II).
In all the known cases, the structure reported is that of
97a tetragonally distorted octahedron , As mentioned earlier,
however, chromium(ll) compounds have heen shown hy various
methods to he structurally similar to /those of
copper(II)^>^ 7*98,99^ x-ray crystal structure analysis
on various copper(II) ethylenediamine compounds, showed
them to have elogated octahedral structures and the gauche
configuration of the chelate rings was established#
A comparison of the infra red spectra of the his
(ethylenediamine) bromides and iodides of chromium(ll) and 
21copper(ll) shows them to he very similar, all of them
being distinctly similar to Cuen^SCN)^, with the exception
101of the anionic absorptions. X-ray investigations • have shown
this compound to have a trans structure with S-banded amines
and ethylenediamine coordinated in the gauche configuration#
21Prom this data, the same structure has heen assigned to 
the his (ethylenediamine) chromium(ll) compounds#
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Cr
(A)
Cr
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Figure k*9
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Accordingly5 it is reasonable to assume that the his (amine) 
compounds prepared in this Y/ork, will have tetragonally 
elongated octahedral structures with the chelate rings in 
the gauche configuration, producing a trails molecule, as 
shown. (Figure 9a.)
The only possible structure that the tris compounds' could 
adopt would he with the 6 nitrogens occupying the six vertices 
of an octahedron, as shown, (Figure i+.9h).
The mono (amine) compounds have heen shown hy magnetic 
measurements to he of a polymeric nature. Reflectance 
measurements have shoY/n them to contain tetragonally 
distorted chromium(II)* From this data, the most likely 
structure of these compounds is shown (Figure ^.10),
Structural assignments would have heen more conclusive if 
other mono (amine) halides could have heen prepared.
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CHAPTER 5 
COMPOUNDS OP CHROMIUM(II) WITH 
1 ,4,8.11- TETRAAZACYCLOTETRADECANE
- 122 -
Introduction
In their work on the mechanisms of acid and hase 
hydrolysis of various inorganic complexes, Toke et al"10^ **^ 0  ^
have prepared many cobalt(III) and chromium(lll) complexes, 
using the cyclic, quadridentate secondary amine 1,^,$,14 
- tetraazacyclotetradecane (cyclam) as a ligand. Since cyclam 
is flexible, both cis and trans octahedral complexes can be 
formed, Cyclam proved very useful in these studies as the 
chance of displacing it was considerably reduced compared 
to ethylenediamine**^.
The compounds Ni(cyclamJCl^? Ni(cyclam)Br,p, NlCcyclamJlg 
and Ni(cyclam) (CIO^)g** ^  have been prepared, Magnetic 
measurements at 20°C show the chloride and bromide to have 
effective magnetic moments of 3*09 and 3*06 B,M. respectively, 
and the iodide and perchlorate to be diamagnetic. In the 
latter complexes the metal atom has a square, planar 
configuration, i,.e, the extreme of totragonalc distortion,
. No., work as. yet has^beqn carried out with chronium(ll)'; 
using this ligand.
Experimental
Initially less than 0,5 grams of cyclam were available 
and so preparations of the chloride, bromide and iodide were 
attempted on a semi-micro scale, the product obtained being 
only a few milligrams. Later, hov/ever, 1.5 grams of cyclam 
was obtained enabling magnetic and further spectral 
investigations to be carried out.
Chromium(II) chloride tetrahydrate (0,0791g.)Adissolved 
in dried ethanol (10ml.). To this was added, dropwise, a 
solution of cyclam (0.0813g.) in dried ethanol (lOmls.).
A purple solution resulted, which was warmed and diethyl eth 
(50mls.) added. A purple precipitate appeared immediately* 
The supernatant liquid was decanted and the precipitate 
dissolved in a minimum of dry ethanol. After twentyfour 
hours, mauve crystals had separated. These were washed by 
decantation with diethyl ether and dried by pumping.
Pound : Cr, 15»5? (calculated from residue remaining after
Chromium(Il) bromide hexahydrate was dissolved in 
absolute ethanol (20ml.). To this was added dropwise a 
solution of cyclam (0.096g.) in absolute ethanol (10ml.). 
A purple solution resulted which was warmed slightly and. 
to it was added diethyl ether (50mls.). Af'ter standing
Calculated for CrC^H^N^Clg: Cr, 16,1; C, 37*2; H, 7*5*
C and H analysis); C, 3^.9; H, 7*6%
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for two days, purple crystals separated leaving a mauve 
solution. The liquid was decanted and the crystals were 
dried hy pumping on them.
Calculated for CrClgH^XT^Br^s C, 35*0; H, 5.9| N, 13-6.
Pound : C, 36,1; II, 6.0; N, 1 3.8/0.
(3) Gr(cyclr.;.i)lc,
To a solution of chromium(ll) iodide pentahydrate 
(2.006g.) in absolute ethanol (60ml.) was added cyclam
(l.015g.) in absolute ethanol (30ml.), A mauve precipitate
separated immediately which was filtered off, washed in 
small amounts of absolute ethanol and dried by pumping. The 
mauve filtrate was used for solution spectral measurements. 
Calculated for CrC^  ^r9 23*ll H, 4.8; N, 11,1,
Pound : Cr, 10.7 (calculated from residue after C, H and N
analysis): C, 23.4; H, 5.2; N, 10.9$>.
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Discussion of Results
Most physical -measurements have only "been carried out 
on the products from chromium(ll) iodide, as the others v/ere 
not obtained in sufficient quantity.
In a distorted octahedral environment two absorption 
bands are usually observed for chromium(ll) as demonstrated 
by the aliphatic amine complexes in Chapter 4* At room 
temperature, the reflectance spectrum of the cyclam iodide 
complex shows two absorption bands (Figure 5.1 and Table 5.1 ). 
The weak absorption at 26,t00cm, is due to a trace of 
oxidation. The very broad band at I7j600cm. in the room
temperature spectrum was considered to be the main band
5 5 5 5enveloping both the B.-— ? B~ and E transitions *• S 1 g g
The breadth of this band indicated that the separation of
the two transitions was larger than in the cases of both the
amine complexes and the double chlorides. It appears that
- 1the separation is probably greater than the 2390cm. suggested
95 / \ 2+by Holmes and McClure for CrCH^Oj^ . This is borne out by
the spectra at liquid nitrogen temperature where the two
~1 —1bands at 19?700cm. and l6,i}.00cm. have been resolved, as
shown in Figure 5.19 with a separation of 3300cm. . The
resolution of the three transitions for octahedrally 
coordinated chromium(ll) has not been observed before.
An explanation for this could be that the complex 
contained square planar chromium(ll) with cyclam in the 
planar position. If this were the case, the energy level 
diagram would appear as shown in Figure 3.10. Thus the
Electronic Spectra of the Cyclam Compounds
t
\/ maxima cm,-f
Compound Room Temperature Liquid Nitrogen 
Temperature
Cr cyclam 
reflectance 2 6 , 1 0 0  vw 
17,600 vb 
11 ,400 sh
29,900 wsh 
26,100 vw 
19,700 s
16,400 s 
11,200 m
Filtrate obtained 
from the above. 
transmittance
2 6 , I{.00 v/sh 
18,800 s 
1 0 , 5 0 0  vw
Oxidized
solution
25,800 s 
18,600 s
(Cr .cyclamClgJdO^ 24,300 s 
18,600 s
Cr cyclam 1^ 
Transmittance 
spectrum of a 
saturated solution 
in ethanol.
18,400 m
i •
s = strong; m = medium; w = weak; v = very; h = broad.
Ab
so
rb
an
ce
 
Ab
so
rb
an
ce
a)
10
5
0
~25--------20--------
Freaency (1 O^cm."”^ )
■b)
25 20 1
_ "Z —"I
Frequency (10 ^cm. )
Figure 5.1 
Reflectance spectra of Cr(Cyclam)I0 atcL
a) room temperature
b) liquid nitrogen temperature
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distortion band — >^A,~ would be at higher energy than1g 1g
the — ^ B ^  transition. An empirical way of estimating
1104^ for distorted systems has been reported which makes 
use of the, geometry of the energy level diagram.
Octahedral Square Planar
In this method, from the centre of gravity rule, the 
separation ab is considered to equal i&c and de, = ef. Thus:- 
^  - h / 3 ~ i (V1 -\/2)
From our results at liquid nitrogen temperature, by 
assuming a highly distorted octahedral, and therefore 
approximately square planar configuration, the band at
16,14.00cm, would be the distortion band,V^, with\4 =
— i — 119,700cm, , and \f^ = 11 ,200cm, , On application of the
TABLE 5.2 
Cr cyclaalp
9 = 6 Diamagnetic Correction = .<-2i+8x.tcf c«g*s, Units
T(°K) 10 i°-2X a " 1 (B.M.)'
296.2 '9189 1.088 4.67
274. 8 981J.7 1 .0 1 6 k.59
23k. 5 11580 0.8635 k. 66
20k. 3 13240 0.7551 14-. 65
164.0 I6I4.OO 0.6098 I4.6I4
134.8 19570 0 .5 1 1 0 4.59
105.7 25180 0.3971 k. 62
89.4 29300 0.341 k 4.58
0.8
0.6
o
0.2
300100 200130
oTemperature
0-1°-2X a-1
®-*;ue(B.M. )
Figure 5*2 
Magnetic data of Cr(Cyclam)l2
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—1equation,is found to "be equal to 8500cm, . However, in
-1the octahedral case, the hand at 11,200cm. would he the
—idistortion hand v/ith V ’g = 1 6 ,Ij.0 0cm. , which gives a value
-1for of 13>000cm, , The latter is closer to the values
ohtained for other his (amine) iodide complexes of chromium(II) 
(e.g, Crd:gp2I2? & = 11 ,400cm.Crdmp2I2, &  = 12,800cm.~^ ), 
which suggests that the complex contains octahedrally 
coordinated chromium(ll), hut with considerable tetragonal 
distortions.
Since the filtrate from the solution used in the 
preparation of Cr (cyclam)1^ gave a spectrum (Tahle 5.1 ) 
similar to the reflectance spectrum, it can he assumed that 
in an ethanol-ether mixture, the structure is the same as in 
the solid.. The marked changes on deliberate oxidation of 
this solution, and the distinctly different reflectance spectrum 
of the chromium(lll) compound, (Cr cyclam CX2)C1.0^  indicate 
that negligible oxidation of Cr((cyclam) I2 had occured.
The magnetic data ohtained for the iodide complex are 
shown in Tahle 5-2 and Figure 5*2, It obeys the Curie-Weiss 
law, with a temperature dependent magnetic moment producing 
9 value of 6°. This suggests that the compound is not 
magnetically dilute and some slight antiferromagentic 
interactions are present.
Listed in Tahle 5*3 a?© the infra red absorption 
frequencies of the chrornium(ll) cyclam compounds along with 
the nickel(ll) cyclam bromide and iodide results for comparison. 
The spectra of the chromium(II) cyclam bromide and iodide were
- 132 -
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run only as nug’ol mulls as insufficient compound was available 
to run them in hexachlorobutadiene as well, All th^ee seem 
to have very similar absorptions, although the intensities of 
the bromide and iodide bear more relationship to each other 
than does the chorlide, Even so, all three resemble each 
other more than the nickel(ll) cyclam chloride and bromide 
resemble the nickel(ll) cyclam iodide. The chromium(ll) 
complexes resemble nickel(ll) cyclam bromide much more than 
the iodide.
Prom this evidence and other limited data, it appears 
that all the complexes prepared contain octahedrally 
coordinated chromium(ll), and the iodide, on which most 
investigations have been carried out, is highly distorted, 
but probably not as much as the analogous nickel(ll) compound*
- 136 ~
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Chromium(ii)
By L . F. L a r k w o r t h y *  an d  J . K . T r ig g  
[Department o f Chemistry, University o f Surrey, Guildford, Surrey)
Summary The compound CsCrCl3 is antiferromagnetic, 
whereas the compounds M2CrCl4 (M =  N H 4,K,Rb,Cs) 
arc ferromagnetic and their dihydratcs are normally 
paramagnetic.
studied, and are magnetically-dilute, high-spin4 chromiurn- 
(n) compounds. This is consistent with structures con­
taining no chloride bridges.
V e r y  little is known about complex chlorides of chromium- 
(ii). The distorted tetrahedral anion CrCl42- is said to 
exist in a  LiCl-KCl eutectic,1 and M2CrCl4 and MCrCl3 
(M =  Iv.Rb.Cs) have been obtained2 by fusing chromium(ii) 
chloride and the alkali metal chloride in appropriate 
proportions, or by the addition3 of the alkali metal acetate 
to a solution of chromium(n) in a m ixture of acetyl chloride 
and acetic acid. We have found th a t m ost of these com­
pounds can be prepared by dehydration of the corresponding 
hydrated compounds (Table) a t  120° in  vacuo. These new
T able
Reflectance
Me : (B.M.) e spectra
Compound • 30 OK 90K . (°)« vmax (cm-1]
(NH4) X r Cl4 (HaO) 2 ■ 4-80 4*70 ; . 5" . 12,900s
light blue 10,000sh
RbX rC l4 (H20) 2a . ; ^  4-89 4-91 . 0 12,900s
light blue 9500sh
CsjCrCl4(HaO)a 4-S7 / 4-87 0 12,900svb
light blue ■
CsCrCl3(H20 )3& ,  4-60 ; 4-25 25 12,300s
off-white 6600m
CsCrCl3 . 3-31 1-95 _____ 11,200s
brown 5900m
(NH4)sCrCI4 ' 5-67 ' 9-93 — ' 11,000s
khaki SOOOsh
K 2CrCl4« 5-34 8-90 — ' 11,000s
yellow-green 7700sh
R b2CrCl4 . 5-80 11-3 — 10,900s
brown 7600sh
Cs2CrCh 5-78 11*6 — 11,000s
brown 7400sh
100 200 
T e m p e r a t u r e  ( K )
300
8 Isolated from solutions of constituents in concentrated 
hydrochloric acid; b crystallized by the addition of acetone to a 
•concentrated aqueous solution of constituents; ‘ obtained by 
dehydration of a blue, hydrated compound which decomposed 
after some hours; d All four anhydrous tetrachlorochromates(n) 
have sharp spin-forbidden lines at 18,700 cm-1 and 15,900 cm-1, 
and a weak shoulder at 17,500 cm-1.
hydrated compounds were obtained under nitrogen from 
aqueous solutions of chromium(n) chloride to which the 
appropriate chloride was added.
Widely-different magnetic behaviour is found with these 
complex halides. Those of the general formula M2CrCl4- 
(H20 )2 have effective magnetic moments [fze, Table) close 
to the spin-only value of 4-90 B.M. a t  all temperatures
Figure. Curves (A) and (B) respectively show, for K,CrClt, the 
temperature variation o f xaT 1 and p c. Curve (C) is calculated by the 
substitution o f J  = 9*31 cm-1 (ferromagnetic) and g = 2-30 in the 
theoretical expression fo r  magnetic interaction in a binuclear 
system. Curve (D) shows the Curie law behaviour o f Cs2CrCl4(H sO) Jf 
and (E) the invariance o f its magnetic moment.
Copper(n) and chromium(n) complexes are often iso- 
structural, and since related copper(n) complexes have 
distorted octahedral polymeric structures,5 the reduced 
magnetic moments (Table) of CsCrCl3(H20 )2 and CsCrCl3 
are ascribed to antiferromagnetic interactions in chloride- 
bridged structures. The magnetic behaviour of the former 
can be reproduced by substitution of J = — 3-0 cm-1, and 
g =  1-93 in the expression® for a binuclear antiferromagnetic 
compound; and of the la tter by the use of J — — Zb cm-1 
and g =  2 to fit theoretical data7 for a linear chain of ten 
antiferromagnetically interacting spins of S =  2. Ijdo has 
reported8 a magnetic moment of 3-40 B.M. a t 300K for 
CsCrCl3, in good agreement with the present work.
The compounds, M2CrCl4, have magnetic moments which 
are much greater than the spin-only value a t room tempera- 
.ture, and increase still further as the temperature is lowered 
(Table). Although the general shape of the curve (Figure) 
is correct, this ferromagnetic behaviour is only approxi­
mately reproduced by the best fit of the experimental data  
. to  the binuclear expression for magnetic interaction. This 
is presumably because more extensive polymerisation is
present. Ferromagnetism is rare, either in isolated clusters8 
or in infinite lattices.10 All compounds have satisfactory 
analyses, and since the anhydrous chlorides were prepared 
directly from the normally paramagnetic dihydrates in 
glass apparatus it is unlikely th a t extraneous material can 
have affected the magnetic measurements. Duplicate 
preparations of (NH4)2CrCl4 gave almost identical magnetic 
results, which with all compounds were independent of 
field strength.
The diffuse reflectance spectra contain one broad band 
in the visible region and a weaker band or shoulder a t  lower 
frequency, characteristic11 of tetragonally-distorted, octa­
hedral chromium(n) compounds. To achieve hexa-co- 
ordination, chloride-bridged structures are necessary in all 
except the diaquotetrachlorochromates(n), .and it  is only 
these which are magnetically-dilute.
[Received, Ju ly  31st, 1970; Com. 1270.)
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